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SECTION I. IUTRODUCTIOI AMD SUIMARY

INTRODUCTION

This document describes the test of a redundant Fly-By-Wire actuator
system designed by the Boeing Military Airplane Company, Seattle, Washington.
The system is designed to be two-fail-operate for electromechanical failures
and single-fail-operate for hydromechanical failures. Testing of the system by
DCI at Wright-Patterson AFB, Ohio, occurred during the period from May to
October 1983.

The design of the system is based on using a microprocessor to control and
monitor the operation of a tandem actuator and reconfigure the system upon
component failure in the actuator. The microprocessor was not designed to be
failure tolerant. The testing conducted was a measurement of the input-to-
output characteristics of the system. The system was unusual in the use of a
microprocessor for failure detection and control, and in that electro-hydraulic
channels were run together in a nominal force fight configuration. The test
evaluation included operating the system in both loaded and unloaded configura-
tion.

The system operated successfully with input/output cbaracteristics
consistent with other Fly-By-Wire systems. The microprocessor was able to
identify failures and reconfigure the system successfully. However, there are
several characteristics of the mechanism for which improvement or careful
design is recommended. These are: (a) the piston seal should be designed to
accept the stresses resulting from the increased force fight in the presence of
digital noise, (b) the failure logic threshold is frequency dependent and
should be set up to match the failure response requirements of the actuator,.1(c) without tracking equalization (as was the test system), bias mis-matches of

the servovalves degrade the threslold and signal fidelity, (d) the technique of
sampling and reusing failed ciý.nnels after a failure has occurred caused
incorrect failure voting (it is recommended that it not be used).

IL



SECTION II. SYSTEM DESCRIPTION

The Boeing Microprocessor controlled actuator which was evaluated is based upon
usiDg a tandem hydraulic actuator with two drive pistons. Each piston is
connected through a solenoid operated bypass valve to a servovalve. Each
servovalve contains two input coils and two LVDT's which measure spool
position. In the normal mode operation, both servovalves are ised to drive the
actuator.

The actuator system is designed t.c be two-fail-operate for electronic failures
and single-fail-operate for hydraulic failures. Loss of supply pressu.re or
two electronic failures in the section used to drive one servovalve cause the
failure logic to bypass that servovalve. To provide the dual-fail-operate
characceristics, electronic servovalve models of the sposl position are used
for comparison with the actual spool. position measured by the LVDT's. Two spool
position LVDT's and two servovalve models are used for each servovalve. Only
one servovalve LVDT and one servovalve model pair's output is connected to the
failure detection logic at a time. Four position signals ( a model and an LVDT
output for each se-.vovaltve) are used for failure detection. When the failure
detection logic de~ermines there is a disagreement between any one of the four

signals and the other three, an action in the electronics associated with the
"failed" signal is initiated. If the failure iz associated with an "active"
channel, a transfer in initiated. This transfer is a switching of the input
coils used to control the servovalve associated with the "failed" signal and a
simultaneous transfer of the spool LVDT and model position signal output to
the alternate pair. If the failure is associated with a "model" channel, no
transfer occurs but a failure is declared and the output signal of taie failed
model channel is no longer voted with the other remaining channels.

The two bypass valves 'one for each servovalve) are electrically controlled and
pressure operated. Eiaer loss of hydraulic pressure to the servovalve or tvo
voted failures in the electronics associated with the servovalve cause the
bypass valve to operate.

The failure detection logic design provides for automatically changing the
failure stat s of a channel after it is voted "failed". The tutput signal of
the "failed" t lectronics is continuously sampled to determine if it should
return to a "g~od" state again. If a "failed" channel s output is correct for
a specifi d number of consecutive samples and comparisons, the channel status
is changed from a "failed" to a "good" status. Wo change of assignment of the
active and mudel channel operation results fhom the change in the "failed"
cha'iiel status, however the channel is used for failure monitoring.

Figure I is a schematic of the Boeing microprocessor control actuator system.
FigLre 2 shows the microprocessor, control equipment with its failure display
panel and digital input sources. Figure 3 shows the actuator with the
interface panel. mounted on top by DCI. In Figure 3 the actuator is clamped to
a ttst plate in preparation for the unloaded tests.

The central processing unit used by Boeing is an Intel 80/05 microprocessor.
DATEL analog I/O urnitb provided 16 channels of analog input and 16 channels of
analog output.

The actuator used for the system was a tandem electrohydraulic actuator, Part
Number HR 41004890, manufactured by HR Textron, Valencia, California. The

£•- - .- - . • . .- s .- • . , .- . • , , • . . . . . .. . . . .-
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actuator had a drive area of 3.1 square inches per section and a stroke of
+1Mi69 inches. Two flapper nozzle servovalves capable of an output flow of 2.25
gpm each were mounted on the actuator. Each servevalve incorporated two LVDT's
which were used to measure the servovalve spool's position. The servovalves
were a conventionai flapper nozzle design. The frequency response at 25% input
was rated at -3 dB at 200 Hz with a phase lag of 900 at 100 Hz. The actuator
incorporated two solenoid valves which were used to bypass one section of the
tandem actuator upon a second electrical or a first hydraulic failure.

Although Figure I shows four position transducers used to measure the actuator
position (as would normally be mechanized), Boeing mounted two position LVDTs
and split the outputs to simulate the four transducers. This was done because
of a limit of 16 AID converters used in the microprocessor.

The failure detection circuitry design was based on sampling a failure a
predetermined number of times before voting a channel out and/or reconfigura-
tion. The failure detection was therefore a combination of an amplitude and a
time window. This method was used to minimize failure declaration sensitivity
to random short duration failures when the system was operated. The number of
samples required for declaration of a failurc could be changed from the front
panel of the microprocessor. As with failure declaration, voting a sample
channel "good" again and using it for failure logic required a sample amplitude
window. The number of samples during which a previously declared fail channel
had to operate properly before being declared "good" was variable from the
front panel of the microprocessor.

TEST EVALUATIO

The operation of the Boeing Microprocessor system in its operate and fail
operate modes can be completely described by performance testing with selected
combinations of active channels. The status of the monitor channels (failed or
operational) do not affect the input/output characteristics of the system.
Therefore the test conditions used for performance measurement of the system do
not include all possible combinations of monitor channel status conditions,
since no additional information would be obtained.

The general test evaluations conducted on the system were "nput/output
performance measurements. These measurements defined both the linear
performance and nonlinear characteristics of the mechanization. Included in
the testing was evaluating the effect of failure insertion and input removal.
Because the system did not use equalization to prevent force fighting in the
control actuator, performance mieasdrements with channel offsets were made.
Although Boeing had previously evaluated the unloaded performance of the
system, they had not tested the necharmism with the application of output loads.
The following Section III is the general test procedure used for evaluating the
system (This procedure has been used previously by DCI for evaluating other
flight control configurations.)

6
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SECT"IC III. GRAL TEIT PROCEDUEE

The following general test procedure was used for evaluating the demonstration
system. This procedure defines the measured parameters and states t: 2 general
method used in making the measurement. The procedure is divided into the
following categories:

I. Performance Measurements

2. Failure Effect on Performance

3. Input Deviations Effect

4. Failure Transients

5. Failure Logic Detection Characteristics

PERFORMANCE MEASUREMENTS

Threshold

Static Threshuld "The minimum input change from zero level which causes
a measurable output change."

Procedure - Apply a slowly increasing + input until a measurable
output change occurs. Repeat for - input. Threshold is indicated by
the minimum input change for a measurable output change.

Dynamic Threshold "The input level (at a particular frequency) required
t(, cause a measurable output level."

Procedure - A sinusoidAl input at a selected frequency of 50% of the
bandpass of the actuator is applied to rhe actuator. The amplitude
of input to create a measurable output indicates the dynamic
threshold. The bandpass of the actuator is defined as the frequency
at which -3 dB amplitude or 900 phase shift occurs (whicht ver is
lower in frequency).

FreQuenc_ Response "With a sinusoidal actuator input, the frequency
response of the actuator is the relationship of the output to input
expressed as an amplitude ratio and phase angle as a function of
frequency."

Procedure - Apply a sinusoidal input of an amplitude which is:

a. large enough to minimize the nonlinearity distortions of
threshold and hysteresis

7



b. small enough to avoid velocity saturation in the frequency range
of interest. The ratio of output amplitude to input amplitude
and output phase angle relative to input is recorded.

The plot of the amplitude ratio and phase indicate the frequency
response.

LinPeai~ ta "The deviation of output vs input from a straight line
relationship."

Procedure - Apply an input from - to + maximum input while recording
the corresponding output position. Linearity is indicated by the
deviatiun of the plotted output vs input from a straight line drawn
between zero and a point which minimizes the maximum deviation of the
plotted curve from the straight line. Repeat for + input to - input.

Hysteresis "The non-coincidence of loading and unloading curves."

Procedure - Apply a slowly varying input to the actuator at up to 1%
of the maximum input in the following sequence while recording the
actuator output position:

1. 0 to + direction input

2. + input to - direction input

3. - input to + input

Repeat for an input up to 10% of the maximum input. From the plot of
output vs input, the hysteresis is indicated by the difference
between + direction actuator output position a:d - direction output
position for the same input level.

Distortion "The amount of deviation of the actuator output waveform from
the input waveform."

Procedure - The harmonic distortion, at the input levels used to
measure the frequency response, is recorded at sinusoidal input
frequencies of 10%, 50% and 100% of the bandwidth.

Time Respouse

Saturation Velocity "The maximum velocity at which the actuator is
capable of moving in each direction."

Procedure - With the actuator at zero position, a maximum amplitude
input is applied to the actuator while the actuator motion vs time is
recorded. The test is conducted for both directions of actuator
motion. The slope of the position vs time record indicates the
saturation velocity.

S§tep p e "The time response of the actuator output to an applied
step input."
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Procedure - Apply a step input to the actuator and record the
correspondinu actuator motion. The amplitude of the step should be:

a. large enough to minimize the nonlinearity distortion of threshold Iand hysteresis

b. small enough to avoid velocity saturation.

FAILU•RE EFFECTS CO PERFORMANCE

Failure Effect "The change in the performance of a redundant actuator due
to input failures or internal failures of actuator components."

Procedure - Inject hydraulic or electrical input failures into the C -

actuator under test to cause it to operate in its "failure
operational" modes. For each mode, measure the performance by
repeating Lhe Performance Measurement tests. The input levels should
be maintained at those used for the "no failure" performance tests,
unless the performance changes dictate different levels in order to
obtain reasonable test data.

IINPUT DEVIATIUES EFFECT

Elhtctrical Input Deviations "'The change of electronic inputs, both power
and control, with respect to the normal values and/or each other."

Procedure - Adjust the electrical inputs one at a ti-- "ntil either
the maximum expected deviation of the input is reached or the failure
trip level is reached. Section 2.1 will be measured with each
electrical input deviation adjusted one at a time to the maximum
deviation expected or a value of 90% of that which will cause a
failure trip.

Hydraulic Input Deviations "The change of hydraulic pressure inputs with
respect to the normal values."

Procedure - Adjust the hydraulic inputs one at a time until the
maximum expected deviation or a failure trip level is reached. The
performance parameters of Section 2.1 will be measured with each
hydraulic input adjusted one at a time to the maximum deviation
expected or a deviation value of 90% of that which will cause a
failure trip.

FAILURE TRANSSIENTS

Electrical Failure Transients "The change in actuator output duriig
failure corrective action due to electronic input failures causing
transfer from one operational mode to another."

Procedure - Apply a slowl, changing input to one control channel of
the actuator. Record the actuaLor output change during the
corrective action of actuator. Repeat the test for each control

.I
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channel input and failure mode condition. Repeat for a hardover step
input.

Apply a sinusoidal input to all channels. Open each input while
recording actuator output.

Hydraulic Failure Transients "The change in actuator output during
failure removal corrective action due to hydraulic input failures
causing transfer from one operational mode to another."

Procedure - Apply a slowly decreasing hydraulic input to one control
channel of the actuator. Record the output change during the
corrective action of the actuator. Repeat the test for all hydraulic
"inputs.

Repeat the preceding test with a rapid decrease of hydraulic input

pressure.

FAILURE LOGIC DIT'CTICII CHARACTERISTICS

Logic Detection Characteristics "The difference in multiple input time

histories which will cause a failure logic to declare a failure."

Procedure (Static Failure Detection Level) - Apply a slowly
increasing input to one channel of the system while maintaining the
other channel inputs at zero level. The voltage at which the channel
4. AeClarcd 'raied, -t•x..... d nS a perkuentaxe of the input for
maximum position and a percentage of the input for maximum rate is
the static failure detection level."

Procedure (Dynamic Failure Detection Level) - Apply a slowly
increasing input to one channel of the system at frequencies from DC
to a frequency at %,hich the system response is attenuated by at least
15 dB. The other channel inputs are maintained at zero levels. The
voltage at which the channel is declared failed, expressed as a
percentage of the input for maximum position and a pecentage of the
input for maximum rate is the dynamic failure detection level."

i•..
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IV. SPECIFIC TEST PROCEDURES

SYSTEM SETUP

For all tests except the input deviation tests, the failure detection level was w
set at channel differences corresporL.ing to 35% of the servovalve stroke. This

value was established by performing one complete series of input testing to

establish that nuisance disconnects would not occur. For the system operation

the failure logic was set to declare a failure after 3 iterations of detecting

the failure. Initially, the failure logic was allowed to declare "good" a

previously failed channel after it tested good for 9 iterations. However

during the failure detection tests, it was discovered that the failure logic

would vote incorrectly because of a previously failed channel. Therefore, the

failure logic was set so that it would not use a previously failed channel.

In order to allow injecting multiple inputs into the microprocessor it was

necessary to change the input method. The system as delivered by Boeing
allowed only a single signal input (the same signal input) for all four

channels. This limitation was due to the number of A/D converters that had

been installed in the microprocessor. In order to investigate the effect of

input deviations, the test inputs were summed with the four feedback signals

and the normal signal input conanected to ground. This input connection

method was electrically equivalent to driving each of the four channels with

separate inputs.

To investigate the effect of hydraulic failures and deviations on the test

system, the two hydraulic supplies were connected through pressure reducing
valves.

DEVIATIOS AND/OR ADDITIONS TO THE GENERhL TEST PROCEDURE

Because the microprocessor was not designed as a failure tolerant electrical

control device, no testing of the effect of electrical power changes to the

microprocessor was conducted.

In order to make the distortion measurements on the test system, a chart

recording of the output wave form was made. The harmonic distortion analyzer

normally used for this test does not provide reliable distortion measurements

at frequencies below 3 Hz. Since the Boeing system frequency response

attentuated rapidly above 3 Hz, a chart recorder was used to record waveform

fidelity. In evaluating the effect of input deviations, the system was run
with D.C. bias inputs. This was done in order to evaluate the effect of null

offsets of the servovalves which control the tandem actuator (since no

compensation of the force fight between control channels was included in the

system).

As part of the test evaluation, the system was run with the output of the

actuator subjected to a load force. This test condition was added to
investigate the sensitivity of the system to loads, particularly when operating

with servovalve null offsets. Two load conditions were used. One condition
was with the load system providing a linear spring rate of 10,000 pounds per
inch around the test actuator midstroke position. The second load condition
was with an applied spring gradient load of 5,500 pounds per inch and the

[lp
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actuator positioned 0.85 inch from midstroke. This created a bias load of

4,675 pounds with a spring rate of 5,500 pounds per inch.

SPECIFIC TIST CONDITIONS

The following list defines test conditions referenced in Table I applied to the

actuator during testing. Table I is a list of the specific test conditions

used in evaluating the Boeing servoactuator. On Table I the follow applies:

No suffix on test condition number Actuator unloaded, uncoupled

"A" suffix on text condition number Actuator connected to 1)ad system
with the load commanded to zero

"B" suffix on test condition number Actuator connected to load system
with an applied linear symmetrical
l0,O001bs/in. load around test
artuator midstroke position

"C" suffix on test condition number Actuator connected to load system
with an applied load of 5,500
lbs/in. Actuator positioned 0.85 in.
from midstroke, creating a steady
bias load of 4,675 lbs.

Test conditions I through 20 are operating conditions for the test system. For
each operating system, the entire series of performan•ce measurements are run
(including the test conditions I through 20 which have suffixes A, B, and C).

Test conditions I through 4 are baseline tests with the system operating
uormally.

Test conditions 5 through 8 are designed to evaluate the effect of electrical
input failures on the test systerm. The test conditions are for a single first
failure into the various four inputs. After the failure injection, the system

operates in a fail operate mode.

Test conditions 9 through L2 are designed to evaluate a failure effect on
performance with two channels failed.

Test condition number 13 is operation of the system with one hydraulic failure.

Channels 1 and 2 are both powered by the hydraulic system section which is
subjected to a failure condition.

Test conditions 14 through 19 are operational conditions of the system with
both control and power input deviations. These test conditions allow
evaluating the system with a range of inputs corresponding to deviations which

would not be detected as failure conditions.

Test conditions 14, 15 and 16 reflect electrical aull effects which are less
than the null shift which would cause a failure to be declared.

12
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Test conditions 17, i8 arid 19 reflect a hydraulic supply pressure reduction

from normal system pressure.

Test. condition 20 is used to evaluate the system with the normal channel
mismatch "nulled" out. Since the system did not use any compensation for null

mismatches, this test condition corresponds to the best operating condition
attainable with respect to force fight.

Test conditions 21 through 30 (including those with suffix B and C) are the
failure transient tests. These test conditions define the method of testing
for output changes with specific input failures.

TABLE 1
TEST CONDITIONS BOEI4G

RECO(IFIGURABLE FAIL OPERATIVE SERVOACTUATOR

Condition I
Number

I Channels I and 3 active - nc failures
2 Channels I and 4 active - no failures

3 Channels 2 and 3 active - no failures

4 Channels 2 and 4 active - no failures

5 Channels 2 and 3 active, Channel 4 failed, Channel 2 model

6 Chan-els 1 and 4 active, Channel 2 failed, Channel 3 model

7 Channels 2 and 3 active, Channel 4 failed Channel 4 model
68 Channels 1 and 4 active, Channel 2 failed, Channel I model78 Channels 2 and 3 active, Channel 1 failed, Channel. 4 model •-

9 Channels I and 2 failed, Channel 3 active, Channel 4 model

90 Channels 1 and 2 failed, Channel 3 active, Channel 4 model

10 Channels I and 2 failed, Channel 4 active, Channel 3 model

11 Channels 3 and 4 failed, Channel 1 active, Channel 2 model

12 Channels 3 and 4 failed, Cbannel 2 active, Channel I model

1.3 One hydraulic failure (Channels I and 2) (zero psi)

14 Channel 3 -- bias to 90% of trip level

15 Channel 3 + bias to 90% of trip level

16 Channel 1 and 3 with opposing input offsets
Channel 1 + bias and Channel 3 - bias to 90% of trip level

17 Channels 1 and 2 at 2K psi

13



TABLE 1

TUT CONDITIONS BOEING
UCOI( &AIBLE FAIL OIEhATIVE SREVOACTUATOR (CONT'D)

Condition
Number

18 Channels 1,2,3 and 4 at 2K psi

19 Channels 3 and 4 at 2K psi

20 Channels I and 3 active - no failures - Bias on channel 3
to p.essure uull ac'ive channels.

21 Ground inputs to channels 2,4,1 sequentially with system
initially operating IA,2M,3A,4M and 50% extend (+4.5 volts
at all inputs.)

22 Apply a ramp of zero to 1 volt at 0.4 volt/sec. (+1.0 volt at
0.1 Hz) to channels 1,2,3 sequentially with the system at null.
(System initially operating IA,2M,3A,4M.)

23 Apply a ramp of zero to I volt sequentially to channels 1,2,3
with system operating at 1/2 the bandpass frequency with
maximum unsaturated input amplitude. (System initially
operating IA,2M,3A,4M.)

24 Ground inputs to channels 1,2,3 sequentially with output 4t

50% extend and i nit-ia1ly operating at UA9,2M,3A,4M.

25 Ground inputs to channels 1,2,3 sequentially with output at 50%
1 retract and initially operating at IA,2M,3A,4M.

26 Ground inputs to channels 1,2,3 sequentially with system
operating at 1/2 the bandpass frequency with maximum

I unsaturated input. (System initially operating IA,2M,3A,4M.)

27 Apply +9 volts sequentially to channels ,,?.3 with system

I at null and operating at !A,2M,3A,4M.

23 I Apply -9 volts sequentially to channels 1,2,3 with system
at null and operating at IA,2M,3A,4M.

29 Apply +9 volts sequentially to channels 1,2,3 with system
operating at IA,2M,3A,4M and 1/2 the bandpass frequency
with maximum unsaturated input amplitude.

30 Apply --9 volts sequentially to channels 1,2,3 with system
operating at IA,2M,3A,4M and 1/2 the bandpass frequency
with maximum unsaturated input amplitude.

IA,lB,IC 1 Channels I and 3 active - no failures
I

2A,2B,2C I Channels I and 4 active - no failures

14
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TABLE I

TEST CONDITIO•IS BOEING
R.ECOFIGUABALE FAIL OPERATIVE SEMVOACTUATOi (CONT'D)

Condition
Number

3A,3B,3' Channels 2 and 3 active - no failures

A.,4B,4C Channels 2 and 4 active - no failures

9B,9C Channels 1 and 2 failed, 3 active, 4 model

11B,1IC Channels 3 cund 4 failed, I active, 2 model

14B,14C Channel 3 -bias to 90% of trip level

15B,15C I Channel 3 +bias to 90% of trip level

16B,16C Channel I and 3 with opposing input offsets
1 Channel I +bias, Channel 3 -bias

22B,22C Apply a ramp of zero to I volt at 0.4 volt/sec.
(+ 1.0 volts at 0.1 Hz) to channels 1,2,3 sequentially
with system at null. (System initially operating IA,2M,3A,4M.)

23B,23C Apply a ramp of zero to 1 volt sequentially to channels
i,2,3 with system operating at 1/2 the bandpass .requency

with maximum unsaturated input amplitude. (System initially
operating IA,2M,3A,4M.)

24C Ground inputs to channels 1,2,3 sequentially with output
at 50% extend and initially operating at lA,2M,3A,4M.

26B,26C Ground inputs to channels 1,2,3 sequentially with system
operating at 1/2 the bandpass frequency with maximum
unsaturated input. (System initially operating IA,2M,3A,4M.)

27B,27C Apply +9 volts sequentially to channels 1,2,3 with system at
null and operating at lA,2M,3A,4M.

28,28C Apply -9 volts sequentially to channels 1,2,3 with system at
null and operating at IA,2M,3A,4M.

29B,29C I Apply +9 volts sequentially to channels 1,2,3 with system
operating initially at 1A,2M,3A,4N and 1/2 the bandpass
frequency with maximum unsaturated input amplitude.

30B,30C Apply -9 volts sequfntially to channels 1,2,3 with system
I operating initially at 1A,2M,3A,4M and 1/2 the bandpass

frequency with maximum unsaturated input =mplitude.
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V. TEST RESULTS

GENERAL

The teat results presented in this section are arranged in the following order:

A. UNLOADED TEST RESULTS

Static Threshold Test Conditions I through 20*
Dynamic Threshold Test Conditions I through 20
Frequency Response Test Conditions I through 20
Hysteresis Test Conditions 1 through 20
Saturated Velocity Test Conditions I through 20
Linearity Test Conditions 1 through 20
Step Response Test Conditions I through 20
Failure Transients Test Conditicns 21 through 30**

*Note that test conditions I through 20 include the following sub-groups:

Base~ine tests (Conditions I through 4)
Single Electrical Failures (Conditions 5 through 8)
Dual Electrical Failures (Conditions 9 through 12)
Hydraulic Failure (Condirinn 13)
Input Deviation Effects (Conditions 14 through 19)
Force Fight Nulling (Condition 20)

**Note that test conditions 21 through 30 define the procedure used to obtain

the failure transient time history.

B. LOADED TEST RESULTS

Static Threshold Test Conditions IA through 4A*
Dynamic Threshold Test Conditions IA through 4A
Frequency Response Test Conditions 1A through 4A
Hysteresis Test Conditions 1A through 4A
Saturated Velocity Test Conditions IA through 4A
Linearity Test Conditions IA through 4A
Step Response Test Conditions IA through 4A

Static Threshold (Test Conditions lB,IC through
Dynamic Threshold 4B,4C; 9B,9C; IlB,I1C; 14B,14C
Frequency Response through 16B,16C)
Hysteresis

Failure Transients (Test Conditions 22B,22C
23B,23C,24C
26B,26C through
30B,30C)**
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*Note that test conditions with the suffix A are tests with the load system
commanded to "0" load.

**Note that these test conditions define the procedure used to obtain the

failure transient time history.

C. DISTORTION (OUTPUT/INPUT FIDELITY) TEST RESULT

The distortion test results vre presented as waveform recordings of the input
command signal and the output cf the position transducer used to measure the
actuator position. The data is presented in the following order:

1. Output Fidelity - As a Function of Input Level - Normal
System @ 1/2 Bandpass Frequency

2. Output Fidelity - As a Function of Channel Offset Bias -

No Load - 10% Input

3. Output Fidelity - As a Function of Channel Offset Bias
Symmetrical Load -- 10% Input

4. Output Fidelity - As a Function of Channel Offset Bias -

Offset Load - 102 Input

5. Output Fidlt -* A. a 'S.tlo of chafl.c. 'Sfa*Ct BasO

Symmetrical Load - 3% Input

6. Output Fidelity - As a Function of Channel Offset Bias -

Offset Load - 3% Input

7. Output Fidelity -As a Function of Channel Offset Bias -

Symmetrical Load- 1% Input

8. Output Fidelity - As a Function of Channel Offset Bias -

Offset Load - 1% lnput

In order to reduce the volume of test data presented in this section, the
majority of the performance measurement data has been reduced to tabulated
form. The principal exceptions are the results for step response an-i failure
transients. Since time response characteristics are not well de~ined by
listing only one or two characteristic values, the step response measurements
and the failure transient meisurements are presented as recorded. Also
presented in graphical form is the data taken for the measurement of
input/output linearity. The results are presented in tabulated form for the
following testg:

1. Static Threshold

2. Dynamic Threshold

3. Frequency Response
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4. Hysteresis

5. Saturation Velocity

For the test results reduced to table form, a sample of representative recorded
data is included for the test.

In presenting the measurements of threshold and hysteresis, the results are
given both in percent of the input for full actuator stroke and percent of the
input for full valve stroke. In terms of the full actuator stroke, the
percentage value for a given amount of hysteresis reduces as the maximum stroke
of the actuator increases. Presenting percentage in terms of the input for
maximum control valve stroke shows the threshold and hysteresis characteristics
better in terms of comparing different control valve driving mechanizations,
independent of the stroke sizing of the power actuator.

SPICU.IC WLOAMD TA8T RSULTS

Fi.gure 4 shows the Boeing actuator as mounted for the unloaded tests. Note the
two position transducers used to measure the actuator position mounted on the
outside of the actuator.

Static Threshold

F 5•,, -.. the data recorded iu e6Lablishing the static threshold tor
condition 1. Note that the 0.1 Hz ramp input is slowly increasing with
increasing time. The threshold value is determined by the first input
amplitude where the actuator output starts to respond to the control input.
Note that the noise content of the output signal reflects an output change of
0.004 inch peak to peak. The noise is a reflection of the force fight between
the servovalves and digital processing causing a small amplitude hunting. The
upper edge of the noise shows the actuator responding to the 0.1 Hz input ramp.
Table 2 shows the static threshold measured for test conditions I through 20.
The change in threshold levels is generally a reflection of test conditions
which change the force fight, pressure gain or seal friction force levels of
the test system.

As shown in Table 2, test conditions 1, 2, 3 and 4, threshold measurements are
made with different combinations of active channels and no system failures.
There is no change of threshold as a function of the particular combination of
active channels, indicating that the initial null conditions of the control
valves are reasonably well matched. Null mismatches between the active
channels will cause a force fight and a corresponding increase in threshold.

Test conditions 5 through 8 are operation of the system with single channels
failed. As compared to no channel failures there is a slight increase in the
static threshold. The variation in the threshold reflects the relative force
fight and null conditions of the channel combination.

.. 18
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Date Prepared 9/15/83

TEST ITEM -Boeing Reconfigurable Fail Operative
Fly-By-Wire Servoactuator

TEST - Static Thireshold -Condition 1

SI. ..A. . . . . .... 4"U. . . L.L . input..b

.....[ L I -i -. ----- 0Ii.~~ ~ ;A7 Lijo{.. qkim

j:1 q: .x

Scale: Input = 0.002 v/div

xout = 0.000374 in/div

t = 1.0 div/see

Figure 5. Static Threshold -Condition I
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TABLI 2

STATIC TIiROLD

TEST ITEM: Boeing Reconfigurable Fail Operative DATE PREPAUD: 9/14/83
Fly-By-Wire Servoactuator

TEST: Static Threshold

Test Static Threshold
Condition Pk to Pk

Input Volts % of Max Input Z of Ev Max

1 0.008 0.044 0.500
2 0.008 0.044 0.500

3 0.008 0.044 0.500

4 0.008 0.044 0.500

5 0.010 0.056 0.625

6 0.012 0.067 0.750

7 0.012 0.067 0.750

8 0.01- 0.078 0.875

9 0.014 0.078 0.875

10 0.014 0.078 0.875

II 1 0.010 0.056 0.625

12 0.010 0.056 0.625

13 0.017 0.094 1.063

14 0.009 0.050 0.563

15 0.014 0.077 0.875

16 0.008 0.044 0.500

17 1 0.008 0.044 0.500

18 0.006 0.033 0.375

19 0.006 0.033 0.375

20 0.006 0.033 0.375
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Test conditions 9 through 12 are measurements of the static threshold with two
channels failed. There is no significant difference between these test
conditions and the baseline and single failure measurements.

The static threshold with one hydraulic failure, test condition 13, is above IX
of the input for maximum spool position. This is considerably greater than the
threshold measured for the baseline test condition 1 and reflects a reduction
in the force gain in relation to the seal friction for the actuator.

The effect of the channel bias levels on static threshold as measured for test
conditions 14 through 16 is not significant. For example, with test condition
14, the bias is in a direction which does not increase the threshold over the
baseline null mismatch. However, with test condition 15, the bias direction
does increase the static threshold.

Test conditions 17 through 19 are used to evaluate the affect of reduced
hydraulic supply pressure to the test system. The effect of the supply
pressure reduction is a slight reduction in the static threshold as compared to
the baseline measurements. This is consistent with a reduction in seal
friction with a reduction in hydraulic pressure used in the actuator.

Test condition 20 with the active channels nulled is the best operating
condition for the test syitem and yields a static threshold of 75% of the
baseline threshold. This threshold value is within to the 0.5% value typically
aailaadl un electrohydraulic servovalves.

pynamic Threshold

Figure 6 shows the data recorded in establishing the dynamic threshold for
condition 1. The input is a nominal 2 Hz sivusoidal signal with the input
amplitude increasing with increasing time. The amplitude is increased by a
ft~ctor of 2 over a minimum time of 5 seconds. The point at which the actuator
moo-ion starts to track the amplitude increase of the input is used as the
dynamic threshold point. Note that the output moves at the nominal 2 Hz
frequency in phase with the input over most of Figure 6. However, the output
amplitude does not increase with the input until a peak input amplitude of
0.050 volt is reached. As with the static threshold testing, changes in
threshold levels generally are reflections of test conditions which change the
force fight, pressure gain or seal friction force levels of the test actuator.

Test conditions 1, 2, 3 and 4 on Table 3 are the dynamic threshold measurements
with different combinations of active channels and no system failures. There
are only minor changes of dynamic threshold with the different combinations of
active channels. This indicates that the dynamic response of the control
channels are well matched over the frequency bandpass of the test actuator.

Test conditions 5 through 8 which evaluate the system's dynamic threshold after
one electrical failure, show an increase in dynamic threshold for only test
condition 8. The increase reflects the relative force fight and null condition
of test condition 8's particular channel combination.
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Date Prepared 9/14/83

TEST ITEM - Boeing Reconfigarable Fail Operative
Fly-By-Wire Servoactuator

TEST - Dynamic Threshold - Condition 1
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Figure 6. Dynamic Threshold -Condition 1

23



TALl 3
DYhAJIC TMMESHOLD

TEST IT•': Boeing Reconfigurable Fail Operative DATE PEPARED: 9/14/83
Fly-By-Wire Servoactuator

TEST: Dynamic Threshold

Test Dynamic Threshold
Condition Pk to Pk

Input Volts % of Max Input % of EV Max

. 0.050 0.278 3.125

2 0.058 0.322 3.625

3 0.060 0.333 3.750

4 0.055 0.306 3.438

5 0.063 0.350 3.938

6 0.060 0.333 3.750

7 0.070 0.389 L 4.375

8 0.093 0.517 5.813

9 0.050 0.278 3.125

10 0.040 0.222 2.500

11 0.050 0.278 3.125

12 0.050 0.278 3.125

13 0.053 0.294 3.313

14 0.033 0.184 2.063

15 0.028 1.156 1.750

16 0.050 0.278 3.125

17 0.065 0.361 4.063

18 0.075 0.417 4.688

19 0.050 0.278 3.125

20 0.040 0.222 2.500
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Test conditions 9 through 12 are dynamic threshold measurements with two
electrical channels failed, leaving one servovalve bypassed and one in command
of the flow to the actuator. The dynamic threshold values are the same or
slightly lower than the baseline values. This indicates that there is not much
mismatch between the two servovalve sections. A significant improvement in

dynamic threshold with only one channel operating would indicate a significant
force fight between the servovalve sections of the test system.

The hydraulic failure test (test condition 13) produces a dynamic threshold
similar to the two electrical failure conditions (conditions 9 through 12).
This can be expected, since in both cases the test condition is with only one
half of the actuator operating.

The effect of the channel bias conditions (test conditions 14 through 16) on
the dynamic threshold is not significant. Compared to the baseline dynamic
threshold of test conditions I through 4, the input bias can either improv_ or
degrade the dynamic threshold slightly. For example, test condition 14 with
channel 3 biased with a negative input to 90% of the trip level input reduces
the dynamic threshold to 2/3 that of the baseline value. The dynamic threshold
measured with a positive bias input into channel three is also lower than the
baseline, indicating that the dynamic threshold was not dependant on the
particular bias level and polarity used. The double bias of test condition 16
yielded a nominal threshold the same as the baseline.

The effect of reducing either one or both of the hydraulic supply pressures to
2000 psi (test conditions 17, 18 and 19) increases the dynamic threshold
slightly compared to the basalinp rndnitinn fnv ,-;n,,,-dt e 17 r 19. The --
dynamic threshold measured for test condition 19 is similar to the baseline
measurement. The increase is consistent with the reduction in the
pressure/flow gain of the servovalves which results from a decrease in supply
pressure to the servovalves.

Test condition 20 with the active channels nulled (a best operating condition)
yields a dynamic threshold of 80% of the best baseline measurement. This
result is to be expected. A nulled operating condition of the servovalves
gives the highest pressure/flow gain for the servovalves operating together.

Note that the dynamic threshold values are nominally 5 times the values for the
static threshold. This is due to the dynamic threshold measurement requiring
flow from the valve as well as pressure. This effectively reduces the
bervovalve pressure gain, increasing the input level required to overcome the
force fight and seal friction effects.

Frequency Response

Figure 7, the frequency response measured with test condition I, is
representative of the data obtained for all the unloaded frequency response
measurements. Note that the actuator output motion (at 0 dB amplitude) is 10
percent of the full stroke of the actuator. The input level corresponding to %
the 10% output motion met the criteria of minimizing the effect of threshold
and hysteresis on the frequency response measurement and cf being below the
level at which rate saturation occurs.
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Table 4 lists the frequency response for test conditions 1 through 20 in terms
of the frequencies at which the -900 phase angle and the -3 dB amplitude ratio
point occurred. Because the shape of the frequency response curves for all
test conditions were similar (no amplitude peaking and a phase lag of less than
-90o at the -3 dB frequency), the table listing provides valid indication of
the response change with the different test conditions.

Note that as shown in Table 4, the change of frequency response with change of
test conditions is quite small. The greatest change from the nominal baseline
values occurs with the bias changes of conditi:,n 14, 15 and 16. Condition 16
is the only test condition where the -3 dB frequency occurs below 3.00 Hz. The
range of variation for the -3 dB amplitude frequency is from 2.80 to 3.50 Hz
for all test conditions. The range of variation in the -900 phase angle is from
3.2 to 4.2 Hz. These ranges are nominally 25% of the baseline values. Note that
in comparison, the baseline test conditions generate a variation in the -3 dB
frequency of from 3.00 to 3.40 Hz. (a nominal change of 13%).

Hysteresis

Figure 8 shows the test data taken for the hysteresis measurement with test
condition 1. Table 5 lists the measured hysteresis for test conditions 1
through 20. The data shown on Figure 8 was obtained with an it out variation -f
+10% of the input for maximum actuator stroke. Note that the hysteresis plut
shows an output which is irregular. The plus direction and minus direction
output curves separate and then coincide with small changes in input command.
The hysteresis measurement as defined by "the difference between + direction
actuator output position and - direction output position for the same input
level" therefore refers to a local condition ot input level-. The irregularity
where the + and - direction motions coincide is a linearity measurement, not a
hysteresis. Figure 8 is representative of the hysteresis data for test
conditions I through 8. These conditions operate vith both servovalves active.

Test conditions 9 through 14 are with only one servovalve operating. For these
conditions there is no force fight. The hysteresis plots for these test
conditions resemble Figure 8 with smaller differences between the + and -
direction motion.

Figure 9 shows the test data taken for the hysteresis measurements of Condition
15. The plot shows well separated + and - direction position lines with a
slightly larger difference than with test conditions I through 14. The greater
separation is consistent with the bias change of condition 15 increasing the
null mismatch between the two controlling servovalves.

Figure 10 shows the test data for the hysteresis measurement for condition 16
with a different bias condition. The data shows an increase in the "non-
linearity" of the position changes and a decrease in the separation between the
+ and - direction curves (compared to the baseline tests and other bias tests).
This verifies that the hysteresis (and linearity) of the system are functions
of the null conditions of the seriovalve channels.
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TABLE 4
RQuMucY mUlES1

TEST ITEM: Boeing Reconfigurable Fail Operative DATE PREPAIRD: 9/14/83
Fly-By-Wire Servoactuator

TEST: Frequency Response

Test Output/Input
Condition -3 dB Hz -900 Rz

1 3.40 4.20

2 3.00 4.00

3 3.10 4.00

4 3.00 4.00

5 3.30 4.00

6 3.30 4.00

7 3.20 3.90

8 3.40 4.00

9 3,50 4.00

10 3.50 4.00

11 3.50 4.00

12 3.30 3,70

13 3.50 3.80

14 3.20 3.80

15 3.00 3.20

16 2.80 3.30

17 3.00 3.60

18 3.10 3.50

19 3.10 4.00

20 3.20 3.80

_ _ _ _ _ _ _ _ "A '_ _ _ __I _ _ _ __P_-_ _ _ _ __P-2M
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TABLE 5

TEST ITEM: Boeing Reconfigurable Fail Operative BATI PREPARED: 9/14/83

Ply-By-Wire Servoactuator

TEST: Hysteresis

Test
Condition Z Full Scale % of EV max

1 0.062 0.69
2 00

2 0.062 0.69

3 I0.062 I0.69

4 0.062 0.69

5 0.082 0.92

6 0.082 0.92

7 0.082 0.92

8 0.082 0.92

9 0.041 o0.46

10 0.041 0.46

11 0.041 0.46

12 0.041 0.46
I Im

13 0.041 0.46

14 0.041 0.46

15 0.167 1.84

16 0.082 0.92

17 0,041 0.46

18 0.082 0.92

19 0.082 0.92

20 0.041 0.41
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The effect of the degradation of hydraulic supply pressure on the hysteresis
(test conditions 17, 18 and 19) is not significant. The hysteresis measurements
are similar to that obtained with the baseline and single electrical failure
operating conditions. There is a slight increase with two-channel hydraulic
supply pressure degradation (test condition 18) as compared with a single-
channel pressure degradation (test condition 19).

Test condition 20 (with the charnnels operating with the best null condition)
gave hysteresis similar to that obtained with single servovalve operation.
This is consistent, since in both test contitions all force fight between
sections has been eliminated.

As expressed in terms of the voltage for marimum servovalve positior, the
hysteresis is consistent with current electrohydroulic two stage valves.
However, conventional hysteresis loops were not obtained for most test
conditions. It appears that the calculated hysteresis values are lowered by
the effect of the small irregularity in the position linearity.

Saturated Velocity

Figure 11 shows the data recorded in measuring the maximum velocity for the
actuator for test condition 1. This figure is representative of the data
obtained for all the test conditions. As shown on Figure 11, a step command
input is applied as an input to all control channels. The actuator responds
after a short time delay by moving at maximum velocity until it reaches its
mechanical stroke limit. Note that the actuator starts from either full extend
or full retract position and moves through the full stroke. The saturated
velocity is calculated from the data as the slope of the actuator's output
motion (diupiacemenE vi rime). Table 6 lists the caicuiated values a8 obtained
from the chart data. Small variations in t1,e calculated rates (0.1 iL/sec or
less) can be cousidered measurement error.

As shown on Table 6, the saturated velocity remainc relatively unchanged from
the baseline test conditions (1, 2, 3 and 4) for all test conditions. The
retract saturation velocity was slightly lower (by 152) than the extend
velocity for all test conditions. This was probably due to a slight difference
in the servovalve's hardover output flows (since the actuator drive areas were
all identical).

The extend velocity varied from 2.44 in/sec to 2.86 in/sec over the range of
test conditions I to 20. The difference in the saturated rates for test
conditions I through 4 indicate measurement error. The servovalves were
hardover for all 4 conditions and no difference between different test
condition rates in one direction would normally be expected. Since the actuator
output for the test conditions of Table 6 is unloaded, the loas of one
servovalve channel should have negligible effect on the maximum actuator rate.
This is confirmed by the test reults for conditions 9 through 13.

The effect of servovalve bias shifts on saturated rate would normally be
negligible. The input command is large enough that the servovalves are driven
hardover against their mechanical stops, eliminating any effect of input bias
levels. This is confirmed by the test results from test conditious 14, 15 and
16 which are in the range of the results from the baseline test conditions 1
through 4.

33 '4.



Date Prepared 9/15/83

TEST ITEM - Boeing Reconfigurable Fail Operative
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TABLE 6
SATURATION VELODCITY

TEST ITEK: Boeing Reconfigurable Fail Operative AE PREPARED: /] .5/83
Fly-By-Wire Servoactuator

TEST: Saturation Velocity

Test I
"Condition Extend - in/Gec Retract - in/sec

1 2.76 2.37

2 2.62 2.24

3 2.64 2.36

4 2.59 2.29

5 2.76 2.36

6 2.67 2.36

7 3.76 2.36

S. 4. .a
.�.I

9 2.62 2.54

1.0 2.67 2.54

11 2.54 2.21

12 2.54 2.36

13 2.76 2.54

14 2.62 2.36

15 2.76 2.27

16 2.86 2.54

17 2.62 2.29

18 2.44 2.12

19 2.44 2.12

20 2.76 2.36
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There is a slight degrading of the actuator rate with a reduction in the
hydraulic supply pressure. This is shown by the results of test condition 17.
The flow from the servovalves is a function of the square root of the supply
pressure. A reduction in supply pressure reduces the flow from the valve and,
thereby, the maximum actuator rate.

Linearity

Figure 12 shows the data recorded in measuring the output-linearity of the test
system for the system operating in test condition 1. The measured results are
representative of the results obtained for test conditions 2 through 20. Since
the test system actuator acts as an integrator of flow, the measured linearity
is primarily a measure of the actuator position feedback transducer's
linearity. Threshold and hysteresis can affect the linearity curve if they have
large values. However, for linearity curves reflecting 100% actuator stroke,
the amount of hysteresis (in terms of the maximum actuator stroke) would have
to be on the order of the rated linearity of the position transducer. For the
test system, the linearity rating of the position transducer was 0.5% of the
full scale output, Since the threshold (Reference Table 2) and the hysteresis
(Reference Table 5) were both below 0.1% for all test conditions, the linearity
would not be expected to change with a change of test conditions from I through
20. This was observed from the test measurements. Figure 12 accurately
represents linearity for any of the test conditions 1 through 20.

Step Response

Figures D3 tbrough 22 show the time history of the test system response to
retract and extenid step inputs for test conditions I through 22. The amplitude
of the step voltage change applied as an input to the test system is nominally
L.8 volts. This input causes the actuator output to change by 10% of its stroke
range.

Vote that the general response of the test system to the step input is
initially a straight-line ramp. The final response into the commanded position
is a smooth approach at a decreasing rate. This is consistent with the
amplitude of step input applied. An error voitage (the difference between the
command and actuator position feedback voltage) of 0.800 volt is sufficient to
move the servovalve spool to a position stop. For a step input voltage of 1.80
volts, the servovalve spool is held hardover on its stop until the actuator has
moved enough to generate a -1.00 volt feedback signal. Therefore the actuator
initially moves at a constant rate to the 1.8 volt input step, as demonstrated
by the test results. The first 55% of the actuator step reponse is at maximum
rate. For the remainder of the response to the step input, the servovalve is
not saturated and the response reflects the effect of the control loop
dynamics. The final response approach for all test conditions exhibits no
overshoot or ringing. This is consistent with the frequency response test
data, which showed no peaking.

As shown on the time response data for all teat conditions, there is a
minor difference in the retract direction and extend direction step response.
Theinitial reponse of the test system for the extend direction motion is made
up of a time delay of I millisecond with no measured change of the actuator
position and a subsequent 2.5 millisecond time period where the actuator moves
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TEST ITEM - Boeing Reconfigurable Fail. Operative
Fly-By-Wire Servoactuator

TEST - Step Response -Condition I and 2 Date Prepared_ 9/21I/83
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TEST ITEM - Boeing Reconfigurable Fail operative
Fly-By-Wire Servoactuator

TEST - Step Response -Condition 3 and 4 Date Prepared 9/21/83
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74lST ITEM - Boeing Reconfigurabie Fail Operative
Fly-By--Wire Servoactuator

TEST - Step Response -Condition 5 and 6 Date Piepared 9/21/83
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TEST ITEM - Boeing Reconfigurable Fail Operative
Fly-By-Wire Servoactuator

TEST - Step Response -Condition 7 and 8 Date Prepared 9/21/83
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TEST ITEM - Boeing Reconfigurabie Fail Operative
Fly-By-Wire Servoactuator

TEST - Step Response -Condition 9 and 10 Date Prepared 9/21/83
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TEST ITEM - Boeing Reconfigurable, Fail Operative
Fly-By-Wire Servoactuatir

TEST - Step Response -Condition 11 and 12 Date Prepared 9/21/83
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TEST ITLM - Boeing Reconfigurable Fail Operative
Fty-By-Virc Servoactuator

TEST - Step Response - Condition 13 and 14 Date Prepared 9/21/83
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TEST ITEM - Boeing Reconfigurable Fail Operative
Fly-By-Wire Servoactuator

TEST - Step Response -Condition 15 and 16 Date Prepared 9/21/83
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TEST ITEM - Boeing Reconfigurable Fail Operative
Fly-By-W'ire Servoactuator

TEST - Step Response -Condition 17 and 18 Date Prepared__9/21/83
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is a direction opposite to that commanded by the step input. The 1 millisecond
time delay also occurs with the retract motion. The 2.5 millisecond time
period of "opposite motion" does not occur with the retract response. The
"opposite motion" amplitude is small, being nominally 0.3% of the total
actuator stroke.

The step response is similar f:r all the test conditions. For test condition
18 with the hydraulic pressure to the servovalves reduced to 2000 psi, the
initial saturated rate of motion is 70% of the other test conditions with 3000
psi supply pressure. This agrees with the theoretical reduction of flow to
0.707 for a 1/3 reduction of pressure from normal.

Failure Transients

General

The failure transient data is presented in the strip chart form as recorded.
For each figure, the general arrangement of the data is from the top of each
figure down:

a. Channel Inputs 1 through 4 ( Eim)
b. Actuator Position ( )
c. Failure Indicate for Xetuator Section I
d. Failure Indicate for Actuator Section 2

The channel inputs are used as failure injection points for the test system.
The actuator position trace shows the effect of the injected failure on the
sy6teki uuLpuL. 'The failure indicate time traces show the state of the voltage-
used to drive the failure indicators for the two actuator sections. These
voltages change when the failure logic causes the bypass solenoids to operate.
The bypass solenoids drive bypass valves which disable an actuator section by
bypassing the actuator drive area. Note that the failure indicate traces do not
show individual control channel status. Display lights on the front panel of
the microprocessor were used for that function.

Note that the test conditions 21 through 30 define both the initial operating
status of the system and the input voltage changes used to cause the system to
change operating status.

Specific

Figure 23 shows the results of sequentially grounding the input voltages to
channels 2, 4 and 1. The system is operating initially with control channel 1
active, control channel 2 monitor, control channel 3 active and control channel
4 as monitor. The actuator was initially commanded to a 50% extend postion.

The significant result of this test is that there is no change in the actuator
position with the three input failures. Since the first two injected failures

are failures of model channels, no failure transient would be expected. The
third failure (input 1) is a failure of an active channel. Since the majorLty
vote failure logic has already detected two failures, the third failure causes
the voting logic to bypass both halves of the actuator. Since no external load
is applied, the actuator output remains stationary when the actuator sections
are bypassed. Note that the failure logic does not bypass either actuator
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section until the third failure occurs. Before the third failure, both active
channels I and 3 agree and are kept in control of their respective actuator
sections. Since the model channels 2 and 4 have already been declared failed,
only channels I and 3 are left for comparison. When channel I is then
"failed", the voting logic has no information to use to determine whether I or
3 is the failed channel. The logic therefore declares a system failu'e and
bypasses both halves of the actuator.

Figure 24 shows the results of sequentially applying a ramp input of 0.4 volts
per second to channels 1, 2 and 3. The system is initially at null and
configured with channel I active, channel 2 monitor, channel 3 active avd
channel 4 monitor. The input signal used to generate the 0.4 volt ramp is a
triangle waveform input with a peak amplitude of nominally 1 volt and a
frequency of 0.1 Hz. This test is designed to evaluate the effect of
"slowover" failure inputs on the output of the actuator.

Note that because of space limitations, Figure 24 does not show the input to
channel 4. However, because the input was maintained at 0 voltage during the
test, no significant information is lost by not presenting channel 4's input
recording.

Note that the Fail Indicate I signal shows that section I of the actuator is
bypassed when the ramp into channel 2's input reaches 0.375 volt. Channel 1
was already voted out when the ramp applied to its input reached the failure
detection voltage. Channel 2 was then changed from monitor to active status
and the application of the slowover ramp to channel 2 caused the failure logic
to vote the channel failure and the bypassing of section I of the actuator.
Note that the voltage at which the failure was detected (0.375 vnlr-
corrcsponds to 47Z of the voltage maximum spool stroke. This is slightly
greater than the 35% setting inputed for the failure detection level.

Note that upon the bypassing of section 1, the output of the actuator moves
0.075 inch or 2.2Z of the actuator total stroke. This movement represents the
force gain of the "good" actuator section, and the amount of force fight
buildup when the second failure is detected. When detected, and upon the
bypassing of section 1, the actuator moves to the null position of section 2.
The third failure (the slowover into channel 3) causes the bypassing of section
two. Note that the actuator moves 0.205 inch before the failure is detected.
This is 6.1% of the total actuator stroke. The increase in actuator movement
between the second and third failure detection is due to the lack of force
fight, since Section 1 is bypoassed; and is simply the amount of the actuator
movement before the failure is detected.

Figure 25 shows the effect of applying a ramp input of 0.4 volt per second
sequentially to channels 1, 2 and 3 with the system operating with a sinusoidal
input into all channels. The amplitude of the nominal 1.5 Hz sinusoidal signal
is at the maximum input at that frequency without causing rate saturation. The
system is initially operating with channel 1 active, channel 2 model, channel 3
active and channel 4 model. The input to channel 4 is not displayed on Figure
25 for reasons of room. The input was maintained at the same sinusoidal input
as the other channels before the application of the ramp input. Note that the
ramp input is created with the same triangular waveform input of I volt peak at
I Hz tha;. was used for evaluating the effect of slowover input failures. The
purpose of this test condition was to measure the effect on the dynamic output
of failure detection of slowover failures.
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As shown by the actuator output motion shown on Figure 25, there is no

observable deviation of the output motion of the actuator until injection of

the third failure. The dynamic response amplitude and waveform is not affected

by the failure detection. There is a slight null shift of 1/2 division (0.009

in.) when section 1 is bypassed (as indicated by the Fail Indicate 1 level.

change) .

Figure 26 shows the effect of grounding the inputs to channels 1, 2 and 3

sequentially with the system commanded to a 50% extend position. The system is

initially configured with channel. 1 active, channel 2 monitor, channel 3
active and channel 4 model. This test was designed to evaluate the effect of

signal loss failures to the control channels while holding an "off null"

actuator position. The sequence of failure injection is to inject failures
into the active channels of each actuator section first (Condition 21 injected

the grounding failures into the monitor channels first).

As shown on Figure 26, the failure logic detects the grounded inputs correctly
and switches control from the failed channels to the model. Since the failure

of channel 1 and then 2 constitutes an actuator section failure, the failure

logic bypasoes section one of the actuator. The actuator output shows no
detectable change for the channel I failure and a small deviation of 0.55% of

the actuator stroke upon the bypass of section 1. The bypassing of the

actuator (as indicated by the actuator output change of 0.55%) occurs 0.8

second after application of the second failure input. This time length is

interesting as can be observed for other failure transient tests, the time
delay does not occur with hardover inputs with the actuator at null (testd.33y doftes totl acctuawtor earoveTe reaso forh the atimedetyor whyl (thes
condition 27). With the third input failure (grounding of channel 3) the

actuator does respond to the input failure. During the 0.8 second delay
between the application of the failure input, the actuator movcs 0.18 inch or
5.33% of the tot,%l actuator stroke. The reason for the time delay or why the

delay does not occur for the similar test condition of hardover inputs applied

in the same sequence to the channel inputs is not obvious. (Subsequent testing

of the miroprocessor configuration by Boeing in 1986 generated similar results.

The cause of the time delay was determined to be the ground return path design
which could be easily modified to change the characteristic.)

Figure 27 shows the effect of grounding the inputs to channels 1, 2 and 3
sequentially with the system commanded to a 50% retract position. The system

is configured initially with channel I active, channel 2 monitor, channel 3
active and channel 4 model. As with test condition 24, this test was designed

to evaluate the effect of signal loss failures to the control channels while
the actuator is at an "off null" position. Test condition 24 evaluated the

extend initial zondition and test condition 25 (the results of which appear on

Figure 27) evaluates the retract initial position.

As shown on Figure 27, the failure logic detects the grounded inputs correctly

and switches control from the failed channels to the model. Since the failure

of channel 1 and then 2 is an actuator section failure, the failure logic
bypasses section I of the actuator after the channel 2 failure. Note that the

actuator output shows a 1.33% deviation after both the first and second
failures. The deviation lasts about 0.8 second. This time delay is identical

to the delay observed for the similar test condition 24 with the actuator
positioned at a 50% extend position. On Figure 27, the 0.8 Second is apparent

in the time delay between the application of the second failure and the change
in the level of the fail indicate I switch which shows the bypassing of
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actuator section 1. Upon the grounding of the input to channel 3, the actuator
section 2 is also bypassed. As shown on the Xout trace, the actuator moves at
a constant rate to a position 4.21 percent of the total actuator stroke from
the initial retract position. This rate is approximately 0.18 inch/sec.
considexably slower than the nominal 2.5 inches/sec maximum slew rate for the
actuator. Although the actuator is moving in the correct direction in response
to the grounding of channel Ys input, the rate of movement does not reflect a
respense to a "hardover" amplitude input (which is effectively what the
grounding of channel Ys input with the actuator retracted is)- There is not
an apparent explanation for this minor aromoly.

Figure 28 shows the effect of grounding the inputs to channels 1, 2 and 3
sequentially with a sinusoidal input applied t(. all channels. The amplitude of
the nominal 1.5 Hz sinusoidal input signal is at the m&ximum that can be
applied to the system without causing rate saturation. The system is
initially configured with channels 1 and 3 active, channels 2 and 4 as
monitor s.

As illustrated by Figure 28, the failure logic detects the failures correctly
and transfers control from and/or bypasses the failed channels correctly. For
the first failure, the X recording shows that the transfer from channel 1
control to channel 2 ta es 0.2 second. The transfer is a smooth amplitude
deviation of 0.18 inch or about 0.5% of the maximum actuator stroke. The
bypassing of actuator section 1 upon the second failure (channel 2's input)
appears to take less time (0.1 second) with less output deviation than with
tbe first input failure. Note that with both the first and second input
failures, the peak amplitude of the first half cycle of output motion
immediately after the taailure transfer is 6.7% less than the peak a-plitude of
the motion before and after the failure detection. However, there is no
observable long term change in the output response to the sinusoidal input
after each of the first two failures. The third failure causes the system to
correctly bypass actuator section 2.

Figure 29 shows the effect of applying +9 volts sequentially to channels 1, 2
and 3. The system is initially configured with channels 1 and 3 as active
channels and channels 2 and 4 as monitor channels. The initial input of all
channels is at zero volts. The +9 volts is a hardover extend direction input
signal. This test condition is used to evaluate the hardover failure transients
with the actuator operating statically around a null position.

As shown on Figure 29, the failure logic correctly detects the failed hardover
inputs and transfers and/or bypasses channels. Upon the first failure input
into channel 1, the actuator output responds to the failure input briefly and
then returns to the null position. The output deviation amplitude for the
first failure is 0.037 inch or 1.1% of the maximum actuator stroke. The
duration of the transient is less than 0.2 second. The response of the system
to the second input failure into channel 2 is similar to the response of the
system to the first f-ilure. The amplitude of the failure transient is 0.037
inch with a duration less than 0.2 second. The system then returns to a
position offset from the initial null position by 0.014 in'h. For both the
first and second failures into an active channel, the failure transient is
reduced by the actuator motion causing the "non-failed" active channel to fight
the fsiled channel. The third input channel failure has no other active channel
to fight the actuator out-put deviation and the failure transient is larger than
that experienced with the first two input failures.
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The failure transient resulting from the hardover input into channel 3 results
in a deviation of 0.149 inch (4.46% of the maximum actuator stroke) before the
section 2 of the actuator is bypassed. The transient is simply the result of
the actuator moving at maximum rate in response to the hardover input until the
actuator section bypass occurs. Note that as shown on Figure 29, the actuator
output exhibits some low amplitude hunting (less than 0.5% amplitude peak to
peak) after section one of the actuation is bypassed. This is probably due to
the particular threshold characteristics of channel 3 and the digital
processing at the time of the hardover tests. The hunting does not occur on
any other failure transient figures other than the hardover tests.

Figure 30 slows the effect of sequentially applying a negative hardover input
signal of -9 volts to the inputs of channel 1, 2 and 3. The actuator is
initially at null and configured with channel 1 and 3 active, channels 2 and 4
as monitors. This test condition is used to evaluate the hardover failure
transients with the actuator operating statically around a null position.
(Figure 29 showed the transients with positive hardover failures. Figure 30
shows the transients with negative hardover failures.)

As shown on Figure 30, there are only minor differences between the system
response with negative (retract direction) hardovers as compared with the
previous test results with positive hardover inputs. As shown by the X
recording, there is no observable output transient with the first failure. We
second input failure into channel two produces a null shift of the actuator
output of 0.019 inch (0.5% of the maximum actuator stroke). As with the
positive hardover inputs, the actuator output exhibits a low amplitude hunting

~~~~~.~~~~ A. A. ra AS A &V OALLLU O uy 00~. U

failure, the actuator moves 0.158 inch before actuator section 2 is bypassed.

Figure 31 shows the effect of applying a hardover +9 volt step input
sequentially into channels 1, 2 and 3 with the system operating with a
sinusoidal input into all channels. The system is initially operating near
null and the sinusoidal input is a nominal 1.5 Hz with an amplitude just below
that which creates rate saturation. This test condition is used to evaluate
the effect of extend direction hardover inputs on the system output with the
system cycling. The system is initially configured with channels 1 and 3 active
and channels 2 and 4 as model channels.

As shown on Figure 31, the failurE logic correctly transfers control from the
"failed" channels when the hardover inputs are applied. After the third
failure, both halves of the actuator are bypassed. From the Xout time
response, there is no failure transient that can be observed. Note that the
actuator is cycling at 1.31 Hz at an amplitude of 0.469 inch peak to peak (or
13.9% of the maximum actuator stroke).

Figure 32 shows the effect of applying a hardover -9 volt step inpu-
sequentially into channels 1, 2 and 3 with the system operating with a
sinusoidal input into all channels. The system is initially operating near
null and the sinusoidal input is at a nominal 1.5 liz with an amplitude just
below that which creates rate saturation. This test condition is used to
evaluate the effect of retract direction hardover inputs on the system output
with the system cycling. The system is initially configured with channels I
and 3 active and channels 2 and 4 as models.
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As shown on Figure 32, the results of test condition 30 are similar to those of
test condition 29 with the extend hardover failure. The failure logic again
correctly identifies the failed inputs and switches control. There is no
apparent change in the Xout trace until application of the retract hardover
signal to channel 3.

SPECIFIC LOADED TEST RESULTS

Figure 33 shows the Boeing actuator mounted in the GPATR (General Purpose
Actuator Test Rig) for the loaaed tests. The load actuator is mounted at the
left end of the GPATR frame. The center of the GPATR uses a load cell mounted
in the center slide to measure the force applied to the test actuator. Figure
34 shows the attach mechanism used to mount the test actuator in the GPATR.
The right end of the test actuator is mounted to a support slug. The support
slug is prevented from sliding in its housing by a shear pin. The support slug
and shear pin are designed to prevent damage to the test actuator. In the
event that the load actuator malfunctions and applies a force to the test
actuator which is greater than the proof force for which the test actuator was
designed, the sheer pin breaks and allows the tail stock of the test actuator
to slide freely. The rod ends of the test actuator are retained by pins which
are ground to be a light push fit into the rod end bearings.

In the test results presented in the following material, test conditions IA
through 4A were tests with the load system active and commanded to "0" load.
These tests were used to verify that the load system static and dynamic
performance characteristics would not degrade accuracy of the test actuator

* performance measurements. If the test system performance measurements with "0"
commanded load were essentially unchanged from the measurements taken ,ith the
actuator mounted out of the load system, the load system fidelity is judged
adequate.

For the loaded test condition numbers with suffix "B", the load system was
commanded to provide a linear spring rate load of 10,000 lbs/inch arcund the
actuator test actuator midstroke position. Note that the bpring rate of 10,000
lbs/inch for load "B" provided a load nearly the stall load of 18,600 lbs for
the test actuator.

For the loaded test condition numbers with saffix "C", the load sytem was
commanded to provide a spring gradient load of 5,500 lbs/inch arcund the Mid-
stroke position. The actuator was positioned 0.85 inch from midstroke, creating
a bias load of 4,675 pounds towards the midstroke position. Note that Che 5,500
lbs/inch spring gradient selected for load "C" provicded a load of 9,295 lbs to
the test actuator at the maximum actuator stroke of 4 1.69 inches. This load
is the stall load for the test actuator with one half of the tandem actuator
operating.

Static Threshold at "0" Load

Figure 35 shows the data recorded in establishing the otatic threshold for
condition IA. Note that Figuze 35 is similar to Figure 5 (the static threshold
data representing the same measurement with the test actuator out of the
GPATR). Table 7 lists the utatic threshold measured for conditions IA, 2A, 3A
and 4A. The thresholds measured are identical to the results of the same test
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TEST: Static Th-eshold in GPAT'. •ith "0" Load

Test Static Threshold
Condition Pk to Pk

Input Volts of Max Input % of Ev Max

IA 0.008 0.044 0.503

2A 0.008 0.044 0.500

3A 0.008 0.044 0.500

4A 0.008 0.044 0.500
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with the test ectuator out of the GPftTR (as listed previously in Table 2).
This verifies that the loading system operation does not affect the static
threshold performanuee of the test system.

Figure 36 shows the data reco:ded in *.stablishing the dynamic threshold for
condition IA. The data shown on Figure 36 is similar to the data recorded for
condition I with the test actuator operating in air. Table 8 lists the dynamic
threshold measured for conditions IA, 2A, JA and 4A. The values are identical
with the test conditions 1 through 4 shovw on Table 3, indicating that the load
system does not affect the dynamic threshold performance of the the test
system.

Figure 37 is representative of the frequency response test data recorded for
test conditions IA through 4A. The response is similar to the data recorded
for test condition 1 through 4. As shown on Table 9, the frequency at which
the amplitude is atcenuated by 3 dB is nominally 3.55 Hz. This frequency is
nominally 10% higher than that recorded for similar test conditions I through 4
(reference Table 4). The frequency at which the phase lag of 900 occurs for
test conditions IA through 4A is 3.65 Hz. This is nominally 10% lower than
that measured for test conditions I through 4 (reference Table 4). The load
system commanded to "0" load does affect the frequency response performance of
the test actuator slightly. Tne effect is a Blight improvement in the
amplitude response and a slight decrease in the phase response characteristics,
neither of which is judged significant enough to invalidate the frequaency
response measurements of the teot system under loaded conditions.

Figure 38 is representative of the hysteresis test data recorded for test
conditions IA through 4A. Note that the data recorded on Figure 38 is very
biwiiar t~o the date presented on Figure 8 for test condition I. There ;-sa
non-coincidence of the output to input plot recurded for the two directions at
specific input voltage levels. As shown on Table 10, the levels of hysteresis
reflect the average separation at the different input levels. These values
agree with those measured oIL the test actuator for test condicions I through 4
(reference Table 5). Connecting the load system with a "0" commanded load did
not ecreate a measureable change in the hysteresis performance of the test
actuator.

Figure 39 is representative of the saturation velocity data recorded for test
conditions IA through 4A. The data shown on Figure 39 is similar to that shewn
on Figure 11 for test condition 1. Table 11 lists saturation velocities for
test conditicns IA through 4A. The velocity is nominally 20% less than that
listed in Table 6 for test conditions 1 through 4. The reduction in saturation
velocity ,with a "0" commanded load reflects the affect of the load pressure Aapplied to the test actuator by the load system tracking the test actuator.

(Some minimum load is inherent with the load system in order to generate the
error signal which opens the load oystem s control valve when tracking the
maximum velocity of the test actuator.) This percent reduction in saturated
rate reduction will not affect the loaded test results for the test actuator.
Most of the test conditions applied to the test aystem maintain the actuator
rate well below saturation where little error signal is required for the load
system to track the velocity level of the test actuator. The principal effect
would be on hardover failure transients where the reduction in saturated
velocity would potentially reduce the amplitude of the failure transients.
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Date Prepared 9/19/83

TEST ITEM - Boeing Reconfigirable Fail Operative
Fly-By-Wire Servcoactuator

TEST - Dynamiic Threshold Condition 1A

t
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Figure 36. Dynamic Thresliold -Condition 1A
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TABLE8
DYfNAMIC THMEHOLD -0 LO~ AD

"TrST ITEM: Boeing Reconfigurable Fail Operative DATE PREPARED: 9/23/83
Fly-By-Wire Servoaccuator

TEST: Dynabtic Threshold in GPATR with "0" Load

Test Dynamic Threshold
Condition Pk to Pk

I Input Volts I of Max Input I of Ev Max

1A o0.050 o0.275 3.125

2A 0.058 0.315 3.590

3A 0.060 0.330 3.750

4A 0.055 0.305 3.435
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TABLE 9
FRREQUC R3P(3SR - m0" LOAD

TEST ITEM: Boeing Reconfigurable Fail Operative DATE PREPARED: /23183_
Fly-By-Wire Servoactuator

TKST. Frequency Response in GPATR with "0" Load

Test Output 10Z Full Scale
Condition

-3 dB Hz -900 Hz

1A 3.60 3.70

2A 3.50 3.60

3A 3.60 3.70

4A 3.50 3.60
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TABLE 10
RYSTRESIS - "0" IDA

TEST ITEM: B5oeing Reconfigurable Fail Operative DAME PREPARED: 9/23/83
Fly-By-Wire Servoactuator

TEST: Hysteresis in GPATR with "O" Load

Test
Conditi.on

I Full Scale % of EV Max

iA 0.062 0.69
2A 0.062 0.69

3A 0.062 0.69I Ii

4A 0.062 0.69
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Date Prepared 9/29/83

TEST ITEM - Boein~g Reconfigurable Fail Operative
Fly-By-Wire Servoactuator

TEST - Saturation Velocity -Condition 1A
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T1 LE I1I
SATUnlATIM] Ul AXCITY - "0" LOAJD

TEST ITEM: Boeing Reconfigu. able Fail Operative DATE PmuREPAJ: JLL§
Fly-By-Wire Servoactuator

TXST: Saturation Velocity in GPATR with "0" Load

Condition
Extend - i~n/sec Retract - in/sec

IA 2.16 2.01

2A 2.16 2.01

3A 2,23 2.01

4A 2.10 2.01
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Figure 40 is a plot of the outpu.t to input linearity for test condition IA.
This is identical to Figure 12 for test condition 1, indicating the load system
commanded to "0" load does not affect the linearity performance of the test
system.

Figure 41 shows the reponse of the test actuator to a 10% of full scale input

for test conditions IA and 2A. The step response is very similar to that shown
on Figure 13 for test conditions I and 2. The only measureable difference is a

slight change in the slope of the straight line motion of the test actuator as
it initially moves at maximum rate in response to the step input command. The

slope is about 10% less for test conditions 1A as compared to condition

1. This change is consistent with the saturated rate change measured
previously. Figure 42 showing the step response for conditions 3A and 4A is

similar to Figure 14. Note that the initial response characteristic to the
step input for the extend motion as shown on both Figure 42 and 14 is a small
movement in the retract direction. This characteristic is unchanged by the
GPATR "0" load operation.

Static Threshold at LGads B and C

Figure 43 shows the data recorded in establishing the static threshold for

condition lB. Figure 44 shows the data recorded in establishing the static

threshold for condition IC. The two figures are similar and resemble Figure 5
for the unloaded condition 1. (Note that the Xout scale on Figure 44 is 2.5
times the same scale as used on the other two figures.) The noise content of
the output signal for both load conditions B and C is 0.004 inch peak to peak.
This is the same noise amplitude as measured for the unloaded couditions.
Table 12 lists the static threshold measured for the B load test conditions.
Table 13 lists the static threshold measured for the C load test conditions.
Note that on Table 12, the threshold measured for conditions 1B through 4B are
identical. This is also true for conditions IC through 4C listed on Table 13.
This characteristic could be expected since the test conditions are just a
reassignment of the model and active roles between the channels.

Test conditions 9B and liB are with half the test actuator operational and the
other half bypassed. In both cases there is an increase in the measured static
threshold of about 50%. The threshold increase is similar to that measured on
the unloaded actuator for the same test conditions. Note that the load
condition B provides zero load at null. For small displacements around the
null condition B generates only small loads compared to the force output of the
test actuator. Therefore many of the measurements for load B will be similar
to those for the unloaded test actuator. The increase in threshold with one

half of the actuator operating is probably due to the reduction in actuator
force gain compared to the actuator seal friction as compared to having both
halves of the actuator operating. Test conditions 14B, 15B and 16B are a
reflection of different bias conditions for the two sections of the actuator.
The changes in static threshold for these test conditions as shown on Table 12
simply show the dependency of the threshold performance on channel matching.

The bias changes vary the threshold from 66% to 166% of the threshold value

with no bias applied.

Test conditions IC through 4C show an increase of threshold nominally tu ) times
the unloaded static threshold. This is consistent with the test actuator
holding a load. The load across the actuator drive pistons increases the
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*TEs~r ITEM - Boeing Recomfigurable Fail Operative Date Prepared 9/28/83
FIly-.By-Wire Seivoactuator

TEST - Step Response -Conditions ]A and 2A
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TEST ITEM - Boeing Recorifigurable Fail, Operative Date Prepared: 9/28183
Fly-By-Wire ServoacLuator

TEST - Step Response -Coniditions 3A and 4z%
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Date Prepared__9/23/83

TEST ITEM -- Boeing Reconfigurable Fail Operative
Fly-By-Wire Ser-voactuator

TEST -Static Threshold -Condition lB
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Date Prepared 9/29/83

TEST ITEM - Boeing Reconfigurab].e Fail Operative
Fly-By-Wire Servoactuator

TEST - Static Threshold -Condition IC
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TABLE 12

STATIC THRESHOLD - "B" LOAD

TEST ITEM: Boeing Reconfigurable Fail Operative DIATE PREPARED.: AQ Lý83
Fly-By-Wire Servoactuator

TEST: Static Threshold in GPATR with "B" Load

Test Static Threrhold
Condition Pk to Pk ,.-

Input Volts %of Max Input %of E. Max

1B 0.012 0.066 0.75

2B 0.012 0.066 0.75,

3B 0.012 0.066 0.75'

4B 0.012 0.066 0.75

9B 0.020 0.1ii 1.125

11B 0.020 0.111 1.125

14B 0.016 0.088 1.00

155 0.016 0.088 1.00

16B 0.016 0.088 I 1.00
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TABLE 13

STATIC 192 HOLD - "C" LAD

TEST ITEM: Boeing Reconfigurable Fail Operative D)&AT PREPARAD: _121283
Fly-By-Wire Servoactuator

TEST: Static Threshold in GPATR with "C" Load

Test Static Threshold
Condition Pk to Pk

Input Volts % of Max Input I of Ev Max

IC 0.050 0.277 3.125

2C 0.050 0.277 3.125

3C 0.050 0.277 3.125

4C 0.040 0.222 2.500

9C 0.070 0.388 4.375

1 0.050 0.277 3.125

.1•.; 0.050 °0.277 I7 3.125

15C 0.160 0.888 10.000

16C 0.180 1.000 11.250

S~84
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friction of the piston seals, increasing the threshold value. The threshold
measured for conditions 9C and lIC with one half of the actuator operating show
changes from the threshold of test condicions IC through 4C. The percent
increases are similar to those of the unloaded test conditions (reference Table
2). The test conditions 14(; through 16C as shown on Table 13 show that bias
can vary the threshold measurement. For this load, the bias conditions all
generate thresholds somewhat larger than that measured with no applied bias.

From these m.casurements of static threshold, it is apparent that the
symmetrical load condition B does not greatly increase the static threshold.
(All threshold %alues are less than 0.12% of maximum input and less than 1 25%
of the input for maximum servoval'e spool stroke.) The effect of the bias .-. ad
C is to inctease the threshold by nominally 90%. However, the static threshold
values still remain less 0.200 percent of maximum iuput for all the load C
test conditions used.

Dynamic Threshold at Loads B and C

Figure 45 shows the data recorded in establishing the dynamic threshold for
condition IB. Note that as with the unloaded vests, the test actuator output
moves at the nominal 2 Hz input frequency but does not track the input
amplitude change until some minivum input amplitude is reached. This figure
is similar to Figure 6 for unloaded condition 1.

Figure 46 shows the data recorded for establishing the dynamic threshold for
condition IC. Note that the X-,t scale is half as sensitive on this figure as
on Figure 45. The effect of the load C is ta suppress somewhat (compared to
unloaded or load C conditions) the sinusoidal hunting before the output tracks
the ioput amplitude.

Table 14 lists the dynamic threshold neasured on the test actuator for load
condition B. The measurement values are very similar to those shown on Table 3
for the unloaded measurements. (The similarity is expected since load B
provides only small loads with small motions around the centered actuator
position.) The values for conditions IB through 4B are almost ider-Lical with
each other, as expected. The loss of one half of the actuator (test conditions
9B and liB) results in a negligible change in the dyuamic threshold. Test
condition 14B and 16B show bias conditions which raLduce the dynamift; threehcld
value nominally 25% from that measured by no bias test conoitions IB through
4B. (These bias conditions reduce the servovalve force fight and improve the
small signal dynamic performance.) Note that for all teat conditions the
dynamic threshold input does not exceed 0.50% of the maximum command input (or
the corresponding 11.24% of the input to achieve maximum spool stroke). ..

Table 15 lists the dynamiL threshold measured on the test actuator for load
condition C. As stated previously, this load crtates a bias load of 4.675
pounds towards the midstroke position (based upon th 5,500 lbs/inch gradient
and the 0.85 inch steady state position of the ackuator from the Midstroke
position). With the actuator holding a load, the increase in internal seal
friction uf the actuator due the cylinder presasure changes would increase the
actuator friction and the dynamic threshold. Comparing the Table 15's dynamic
threshold for conditions IC through 4C to correuponding test conditions 1
through 4 on Table 3 show this effect. The dynamic threshold for load C is
nominally twice that fox the unlouded conditions. As with load condition B,
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TABLE 14
M AMIC TH MSHOLD - "B" LOAD

TEST ITEM: Boeing Reconfigurable Fail Operative DATE PREPARED: 1013/83
Fly-By-Wi.re Servoactuator

TEST: Dynamic Threshold in GPATR with "B" Load

Test Dynamic Threshold
Condition Pk to Pk

Input Volts % of Max Input % of Ev Max

lB 0.070 0.777 8.75

2B 0.085 0.944 10.63

3B 0.075 0.833 9.37

4B 0.060 0.666 7.50

9B 0 0.080 0.388 10.00

11B 0.090 1.000 11.25

JAB 0.058 0.638 7.18

15B 0.070 0.777 8.75

16B 0.053 0.583 6.56
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TABLE 15
DbAMC TUN•HOLD - "Ca LOAD

TEST ITEK: Boeing Reconfigurable Fail Operative DATE PREPARED: 10/3/L 3
Fly-By-Wire Servouctuator

TEST: Dynamic Threshold in GPATR vith "C" Load

Test Dynamic Threshold
Condition Pk to Pk

Input Volts 2 of Max Input I of Ev Max

1C 0.105 0.583 6.563

2C 0.075 0.417 4.688

3C. 0.115 0.639 7.188

4C 0.095 0.528 5.938

9C 0.100 0.556 6.250

Ic IC 0.120 I1.667 I7.500 R

14C 0.095 0.528 -5.938 --

15C I 0.225 I1.25 I14.063

16C I 0.100 i0.556 I6.250 'Q
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there is very li t t l e chang- i b test conditions 9C and I1C wit h one half of

the actuator bypasse4. T2 - ef fect of the bias varietions of test conditions
14C, 15C and 16C is that tes. condition 15C increases the dynamic threshold to
twice that when no bias is applied. The biases used for test conditions 14C and
16C show little change from the no bias conditions. This effect is similar to

that experieuced with load conditions B. The worst condition dynamic threshold

experienced with load C yielded a value of 1.25% of the maximum input.

The effect of the bias load of load C is to increase the dynamic threphold
compared to the unloaded or load condition B. Load condition B increases the
dynamic threshold very little over the unloaded case for similar test

! ccnditious.

Frequency Response at Loads B and C

Figure 47 shows the frequency response data for test condition lB. Note the
slight amplitude peaking (about I dB) at 1.6 Hz. This is a change from the
unloaded response tests which exhibited no peaking (reference Figure 7) and the
"0" load tests which exhibited 0.25 dB peaking (reference Figure 37).

Figure 48 shows the frequency response data for test condition IC. Note t-hat

the amplitude peaking is negligible (resembling the "0" load results of Figure
37.) The increased internal seal friction due to the bias load may attenuate
the response peaking by increasing the damping of the actuator motion.

Table 16 lists the frequency response test results for the test conditions run
with load B. The test: results reflect the effect of the a mnlittde poaking. For
the reat conditions 1is through 413, the -3 dB frequency occurs at 0.3 to 0.9 Hz
higher than for the corresponding unloaded test condition (reference Table 3).
The -3 dB frequency occurs 0.15 to 0.4 lHz higher than the "0" load conditions
IA through 4A. While the amplitude response "improved" with load B, the
frequency at i-hich the -900 phase angle occurs decreL~sed for all the load B
test conditions. The frequencies decrease varied from 0.7 Hz to 0.0 Hz.

Ne,'.e that as listed on Table 16, test conditions 9B and lIB with one half the
actuator operating reduces Loth the -3 dB and -900 frequencies about 10% from
those of the rest conditions 1B through 4B. This is consistent with the flow
gain of the control valves being reduced more by a given lcad with one section
than with the same load being shared by both halves of the actuatcr.

Test conditions 14B through 16B show a minor effect of control section bias
changes on frequency response. There is a nominal 0.45 Hz range change in the
-3 dB and -900 frequencies.

Table 17 lists the frequency response measured for the test conditions with
load C. For all test conditions with load C, the -3 dB and -900 frequencies
are froum 0.3 to 1.15 Pz lower than that measured with the test actuator
utiloaded (reference Table 4). This is expected since the effect of the bias
load is to reduce the flow gain of the servovalves in responding to the command

inputs (in one direction of motion). The frequencies at which -3 dB and -90o
for test conditions IC through 4C are similar (a3 expected since the test
conditions are a reassi*gnment of the active and model roles). The effect of
running only one half of the test actuator (test conditions 9C and 11C) is to
reduce the frequency at which -3 dB occurs from 3.00 Hz with both halves of the

90
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TABLE 16
FQUlCI 33POINS1 - "m" LOAD

TEST IT ft: Boeing Reconfigurable Fail Operative DATE PUPARED: 10/3183
Fly-By-Wire ServoactuLtor

TEST: Freqyency Response in GPATR with "B" Load

Test Output 102 Full Scale
Condition -

-3 dB Hz I- 9 0 0 Hz

lB 3.75 3.50

2B 3.70 3.40

33B 3.70 3.50

04 3.90 3.50

9b 3.30 3.40

liB 3,00 3.20

14D 3.20 3.50

15 I3.10 3.05

16B 3.65 3.30
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TARLS 17
F3RQUinCY MUIPSK - "C" LOD

TEST 1ITM: Bceing Reconfigurable Fail Operative UM PUPAUD: 1013/83
Fly-By-Wire Servoactuator

TEST: Frequency Response in GPATR with "C" Load

Test Output 10Z Full Scale
Condition

-3 dB Hz -90 0 Hz

IC 3.10 3.25

2C 3.00 3.25

3C 3.00 3.30

4C 3.00 3.25

9C 2.15 2.95

IIC 2.00 2.85

14.' 3.60

15C 2.60 2.80

16C 2.55 3.10

-- ________ I __ _____ _____
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actuator operating to nominally 2 Hz. This is consistent with the reduced flow

gain from the servovalve when the load is carried by half of the actuator. The

effect of the changing bias conditions 14C, 15C and 16C show some effect on the

frequency response, with the bias condition 14C giving the best frequency
response of the three conditions. This response was an improvement over the
"no bias" conditions IC through 4C.

Load C degraded the frequency response more than load B. Both load conditions
reduced the frequency response from that of the unloaded test conditions. The
reduction in frequency response can be attributed to the reduction of flow gainr

with actuator load that occurs with any actuator system which uses sharp edged

control valves to meter flow to the actuator drive axea.

Hysteresis at Loads B and C

Figure 49 shows the test data taken for the hysteresis measuremert with test

condition lB. Note the separation located near the zero input point. Load B is
a symmetrical spring load on the control actuator. Therefore, as the actuator
moves through null (midstroke), the load on the actuator reverses. In order to
move the actuator against the load, the active channels must be commanded with
an input amplitude sufficient to drive the channels out of the force fight
channel mismatch. Where the load reverses, the polarity of the input amplitude
which overcomes the force fight must also change. The combination of the

V-" active channels with a force fight and the reversing load on the actuator
results in the type of hysteresis plot illustrated by Figure 49. Note that for

input levels less than -0.363 volt and greater than +0.363 volt, the hysteresis
.~~~~~b~~~e.'~~A tiý- n.-i~ ...- e n I (v.pf Prjonep Yi aure 8) witha

low amplitude hunting and no general separation.

The effect of load C on the hysteresis measurement is shown on Figure 50. Note

that the hysteresis plot shows larger amplitude hunting than the unloaded plot
of Figure 8. Since the load on the test actuator is primarily a bias load
towards midstroke of the actuator, there is no load reversal during the data
taken for Figure 50 and no corresponding opening of the hysteresis loop. The
primary effect of the load of condition IC is to increase the amplitude of the
hunting compared to the unloaded condition 1.

Table 18 lists the hysteresis measured for the test conditions with load B.

Note that for test conditions IB through 4B the hysteresis measures 0.6% of the
maximum input, a value 10 times that of the corresponding unloaded test
conditions 1 through 4 (reference Table 5). Test conditions 9C and liC with
one half of the actuator bypassed have reduce hysteresis. This is consistent
with the elimination of the force fight condition when only one half of the
actuator is operating. Test condition 14C also has a low hysteresis
measurement. Since this test condition is one of the varying bias conditions,
and bias changes change the force fight, the results ol test condition 14C are
consistent. The other two bias test conditions 15B aud 16B result in an
increase and a decrease from the test conditions IC through -*C with normal
bias.

Table 19 lists the hvste-esis measured for the test conditions with load C.

The hysteresis listed for all test conditions is 0.4% of the full scale input.
This value is less than that for the B load conditions. However, the values
represent the nominal "non-coincidence" of the output position for the same
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TABLE 18
UlT8EIS - "A" LOAD

TEST ITRM: Boeing Reconfigurable Fail Operative DATZ PREPARED: M03183
Fly-By-Wire Servoactuator

TEST: Hysteresie in GPATR with "B" Load

Test
Condition

% Full Scale %of EV Max

IB 0.60 6.80

2B 0. 60 6.80

3B 0. 60 6.80

4B 0, 60 6.80

9B I 0.20 2.27

I _ I11B 0.20 2.27

I4

15B I 0.67 7.50

16B I 0.50 5.63
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TABLE 19
HmS!tl3I8 - "CU LOAD

TEST ITEM: Boeing Reconfigurable Feil Operative DATE PRUPARED: 1__013/883
Fly-By-Wire Servoactuator

TEST: Hysteresis in GPATR with "C" Load

Test
Condition

% Full Scale Z off 7v Max

IC 0.00 0.00

2C 0.00 I0.00

9C 0.00 0.00
1 Ic 0.00 0.00

•4C 0.00 0.00

15C 0.00 0.00

16C 0.00 0.00
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input level. The hunting is similar for all the load C test conditions which
yields the same hysteresis value.

The general effect on hysteresis of loading the test actuator is to increase

the value by 6 to 10 times that of the unloaded actuator. Bias loads increase
the hysteresis less than symmetrical loads. The bias load creates a low
amplitude hunting motion of the test actuator while the symmetrical loads
create an "open" hysteresis loop around zero input and load reversal. The
maximum hysteresis for any test condition with load B or C is less than or
equal to 0.6 percent of the maximum input to the test actuator.

Failure Transients with Loads B and C

Figure 51 is the time history plot of the input and output characteristics of
the test system with a slowover ramp input sequentially applied to the inputb
with load B. The ramp is applied to channels 1, 2 and 3 in order. The system
is configured initially with channels 1 and 3 active, and 2 and 4 as models.
The number of counts before a "failed" channel which has corrected itself could
be voted "good" and used again was increased enough to prevent the "good" vote,

As shown on Figure 51, the ramp input into channel I causes the output to track

the ramp input up to the failure detection level. The .utput change is 0.83%
of -he total stroke. Upon detection of the failure, control of actuator
section I is transferred to channel 2 and the actuator moves back to the null
output position. The return motion overshoots by 0.56% of the total stroke and
then returns to null. Note that actuator section 2 opposes section I's

responSe to the ramp input, minimizing the output motion. Upon the appLication
of the slowover ramp input to channel 2, section 1 of the actuator is declared
failed and bypassed. The actuator initially moves 0.83% of the total stroke in
response to the ramp input before a failure is declared and section 1 Gf the
actuator bypassed. After the application of the ramp input to channel 3, the
actuator moves 2.8% of the total actuator stroke in response to the input
before a failure is declared. This movement is greater than that measured
after the first and second failure inputs. The greater movement reflects that
with section i bypassed, there is no other actuator section opposing section
2"s response to the ramp input. The motion after the third input failure is a
result of the load system moving the actuator output to its "zero force"
position.

Figure 52 shows the same input sequence as used for Figure 51. For Figure 52,

load C is used. Note that the scale used on the Xout trace for Figure 52 is one
quarter of the scale on Figure 51. The actuator output change before detection
of the first failure (with channel I input ramp) is 1.66% of the total actuator
stroke. The actuator change before detection of the second failure is 1% of the

total actuator stroke. After the third failure, the test system actuator is
bypassed and driveu to the "zero force" or null condition of the load actuator.

The effect of the load conditions on failure Lransients resulting from
"slowover" failures is not significant. The amplitude of the failure transient
resulting from the slowover input into channel 2 for Condition 22 is 2.2% of
the maximum actuator stroke. The loaded test condition transients resulting
from the same input failures are 0.83Z% for load condition B and 1% for load
condition C. Note that the unloaded test Condition 22 transient appears as
primarily a null shift with the bypassing of actuator section 1. The actuator
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output does nct appear to respond at all to the failure ramp input. With a
load applied, the uutput does respcud to the failure input. This difference in
transient characteristic is probably due to the applied load forcing test
system out of the force fight deadband (in ort .r to hold the applied loads).

Figure 53 shows the effect of applying a ramp input of 0.4 volt/second
sequentially to channels 1, 2 and 3 with the system operating with a sinusoidal
input into all channels and with load B applied. The amplitude of the nominal
1.5 Hz sinusoidal signal is at the maximum input at that frequency without
causing rate saturation. The principal effect of the failure is a null shift
of 2.2% of the maximum actuAtor stroke when section I of the actuator is
bypassed.

Figure 54 shows the effect applying a ramp input of 0.4 volt/second
sequentially to channels 1, 2 and 3 with the system operating with a sinusoidal
input into all channels end with load C applied. Note that the scale on Xou is
1/5 of that used on Figure 53 in order to include the output mction trace after
application of the third slowovet failure into cnannel 3- Note that the test
ectuator output moves tc the load actuator "zero load" position after both test
actuator sections are bypassed. The limited amplitude of the test actuator
response prior to the bypassing both sections is due to taie chart recordel" pen
operating at the edge of the brush recorder strip chart.

The slowover transient Effects of Figures 53 an 54 are very similar to those
shown on Figure 25 for no load conditions. The load effects of load B and C on
the slowover failure transients while the test actuator is operating
dynamically appear insignificant.

Figure 55 is a time respcnec of the test system with the output initially at 50%
extend (0.85 inch from null in the opposite direction from the normal "C" load)
with th. load C spring gralient.

As shown on Figure 55, the first and second input failures create an output
failure transient which lasts for 200 milliseaonds. The output deviation ampli-
tude is 1% of the maximum stroke for the channel I input failure. The output
deviation amplitude for the second input failure (channel 2) which causes
bypassing of section I is 1.5% of the maximum stroke. This second failure
leaves actuator section 2 to hold the load. Upon the third input failure into
channel 3, section 2 of the test actuator is also bypassed. This allows the
load system to drive the test actuator to the load system's force null. Note
that there is no observable null shift between the commanded position of the
test actuator before and after failures. The negligible null shift reflects the
effect of the bias load requiring both control channels to operate together out
of the force fight region in order to hold the load.

Figure 56 shows the effect of grounding the inputs to channels 1, 2 and 3
sequentially with a sinusoidal input applied to all channels. Load B is applied
to the test actuator. These results are similar to the unloaded actuator test
results for condition 26 (reference Figure 28). There is a peak amplitude loss
of 1% during the transition from one operating mode to another. There is a null
shift of 0.8% of maximum actuator stroke between the operating modes.

Figure 57 shows the came failure test sequence for the inputs as used for
Figure 56. The load condition for the test results shown on Figure 57 was load
C. Note that the Xout scale shown on this figure is 1/5 that of Figure 56. The

103



TUST ITEM - Boeing 1(cconf igurablc Fail Operative

I'ly-U5y-Wirc ServoacluaLor

rILST - Failure 'fraiisienLs Conditioni Z3b 1)atc Prepatod 10/3/83

L

SCALE:

__E. 
~0.100 v/divKE Ch 0.1877 irn/div

TM -f t 5 div/sec

IL _ .~PI

-4 T

I It

A- 7JFT ,

SA- - -4-

E Ch. 4

Fail Indicate

Fail Indica t e h 2i

Figure 53. Failure Transients Condition 23B
104

Lr^ * .f -W . .. .. S e
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failure transieats are waveform distortions during the 200 millisecond
detection and transfer time. The amplitude of the failure transients is 2.8%
of the maximum output stroke and consists of the failure of the output to track
the sinusoidal input during the 200 millisecond detection and transfer period.

Figure 58 shows the effect of sequentially applying a positive hardover input
signal of +9 volts to the inputs of channels 1, 2 and 3 with load B applied to
the system. The failure transient amplitude for the first failure into channel
1 is 1.1% of the maximum actuator stroke. The transient duration is the 200
milliseconds. The same effect occurs for the second hardover input failure
into channel 2. After the second failure and the bypassing of section 1 of the
actuator, the actuator output position exhibits a small amplitude hunting. Upon
application of the third input failure, the actuator output follows the input
up to a position change of 4.4% of the maximum actuator stroke, At that point,
the actuator is bypassed and is driven to the null force position of the load
actuator. The results are similar to the test results for the unloaded
actuator (reference Figure 30).

Figure 59 shows the effect of sequentially applying a positive hardover input
signal of +9 volts to the inputs of channels 1, 2 and 3 with load C applied to
the system. Note that the amplitude scale on this figure is 1/4 that of Figure
58 in order to show the final position of the test actuator after the third
failure. The output transient resulting from the channel 1 input failure is not
detectable on Figure 59. The output trans ent for the second input failure
consists of a position shift of 1% of the m ximum actuator position to a new
position. The third inpui. failure causes the test actuator to bypass, and
allows the load actuator to drive it to a position where no load force is
applied.

Figure 60 shows the effect of sequentially applying a negative hardover input
signal of -9 volts to the inputs of channels 1, 2 and 3 with load B applied to
the test actuator. The amplitude of the failure transients for the first and
second input failures are lower than those resulting from the +9 volts hardover
input failures. This is probably a reflection of the section 1 and 2 force
fight and the input necessary to have the two sections move together.

Figure 61 shows the effect of sequentially applying a regative hardever input
signal of -9 volts to the inputs of channels 1, 2 and 3 with load C applied.
The transiert output deviations are limited to 1% of the maximum actuator
stroke. These deviations are greater than that measured with positive hardover
input failures under the same load conditions (reference Figure 59).

Figure 62 shows the effect of applying an extend hardover input of +9 volts
sequentially to inputc 1, 2 and 3 with the system operating with a 1.5 Hz input
signal and under load B. Figure 63 has the same input and failure sequence
with the load C applied. The load in both figures has little effect on the
output motion of the test system. The test system fails to track the 1.5 Hz
input signal fe-r about 200 milliseconda, resulting in a position error of 1% or
less.

Figure 64 shows the effect of applying a retract hardover ii.put signal of -9
volts sequentially to inputs 1, 2 and 3 with the system operating with a 1.5 Hz
input at just below rate saturation. For this test, load B was applied to the
test actuator. Figure 65 shows the same input test with load C applied to the

109



rEST ITKM - Boeing Rýeconfigurable Fail Opcrative
Fly-By-Wire Servoactuatur

ThST - Failure Transients - Condition 27B Date Prepared 'JU13/63

'i~j 
1
.(: Printed inlU S A - IA --M i .4fl

.. .. SCALE

E. =0.500 v/div

I 1 =0.00938 in/div

I. -.- .t =5 div/sec

I E. Ch. 21

in

K'1.7
-7.

K ~ HI n 5 A JL
rr~r ~ :..

E. Ch. 3I J
inI

I -I TI
E Ch.1 ;j1

_j IT

y L4

F- .1*

Pail Indicate2 ±I I i1I

Figure 58. F'ailute Transients -Condition 27B



TEST ITEM - Boeing Reconfigurabl~e Fail Operative
Fly-By-Wire Servoactuator

TEST - Failure Transients - Condition 27C Date Prepared 10/3/83

t -0

Gould Inc., lnstrumen Systm Division Cleove

-- E. Ch. IE. =0.500 v/div
in . in

Y~t17' ~ ' i 0.0375 in/div

Ii--*-t =~5 div/sec

E. Ch. 2

in t
.1 - . .j. .. ..

I T
'in +i

j.... I~jj
-E. Cha.4j

1 in

2'I 1 .3 -,--.-. 7 ~

- I 7

4-x

VFail indi0jcate i:_ I IV'

-~~~~~7 :.1 'LKI* j j .

Fai IndicateI2

Figure 59. Failure Tfransie-nts- Condition 27C



TEST ITEM - Boeing ReconfigurablQ Fail Operative

Fly-By-Wi-c Servoactuator

TEST - Failure Transients - Coudition 28B1 D~ate Prepared 10/3/83

t - -

-T -

_T _ 1 .1 "

;j 4! -T 7-- A-4V

E. Ch.s1. . ~ ~ -

E.Oh. 3 ..,.. 1' V rtt

in 
4i ii-

EL +T T_ _

77 -- ------ -----
Outj

Fail 1 I7-Fa

-~ýý- LI

VFail Indicate2 1'

Fail Indicate 2

LCL: E 0.500 v/div

xot=0.00938 in/div

t 5 div/scc

Figure 60. Failure Transients -Condition 28B



TEST ITEM - Boeing Reconfigurable Fail Operative
Fly-By-Wire Servoactuator

TEST - Failure Transients -Condition 28C Date Prepared 10l/3/83

J tT1:: SII:I

LIE Ch. in L . 0.500 v/div

-- x 0.0it 375 in/div

Tt 5 div/sec

7,:7

L.+m171 J~4 T % 7¶

E. Ch. 34 4
in

I~~ 
.i L_. r7-qK

E.:1: 7..4
Fil ndct 2 77

Figurefu7 61 Fair TrniensCnitoi8

I~t~J113

XI-li1hofL M IlII



TEST ITEM - Boeing Reconfigurable Fail Operative
Fly-By-Wire Servoactuator

TEST - Failure Transients -Condition 29B Date Prepared- 10/3/83

E h. i.: I'

I EChh..

_o A" I

En Ch.3, 24 ....

T T_

It..

-4--

inin

our

Faigurdcae 621alr rnint odto 9

174
+Iq



TEST ITEM - Boeing Reconfigurab].e Foýil Operative
Fly-By--Wire Servoactuator

TEST - Failure Transients Condition 29C Date Prepared 10/3/83

L.E. Ch. I .£ .0 /iin0.0 /i
W: in

X 0.0375 in/div
out

4~ 4-i t 15 div/sec

E. C. 2 ...V.

-~E. Ch.3
in

-E. Ch.43-L
in

7-1y
Air IVIA A Ik AH

I MI

~~Ch 4 _Aj1 J. ~-
'L. A.

Figun 63.: Failur. TrNint-Codin29

V yVV I V. V VW V rx; 15 WbVVV y fl

¶ ~ ¶ ~ %~ ~ *~ ~~ '~z~~V



TEST ITEM - Boeing Rceconfigurable Fail Operative
Fly-BY-Wire Servuac-uator

*TEST - Failure Transients - Condition 30B Date Prepared i0/3/83

*-t -------- n

'.72

V.~~ ~ ~ fy±i __V__ i -

E Ch.2

W A -t -
6 O

I L~~h~~~ -i- - I

;-4_ 4 +1-F Ch. 3 7-jKW

E~. Ch. 3

71.iL L I i-il IV I/% A .-A 4kL-

J *In

!77

Fai Indicate 1 4 I

I.Fat]. Indicate 2 fI -

SCALE: E~. =0.500 v/div
in

xou 0.0938 in/div

-' t =5 div/sec

Figure 64. failure Transients -Condition 30B

1i6



TEST ITE14 - Boeing Reconfigurable Fail Operative
Fly-By-Wire Servoactuator

TEST - Failure Transients - Condition 30C Date Prepared 10/3/83

-t .~

RT Gosold Inc., Instrumn Sytems D~v~sIon Cleve

itf E. 0.500 v/div

---- n C A A. in
;M t Y=Y / A: 0.0375 in/div

ii L~ It =5 div/sec

E. Ch.u 2 ..t.

7 in

E. Ch. 4 ;i ::

Trin n;

I - L I _IIT7--

K7 A IhI~jt4  . ;.I~f
-_ Fai Iniat

Fiue6. FiueTaset xodto 0

outl



test actuator. The results are similar to those obtained with the extend
hardover input (reference Figures 62 and 63). The output tracks the sinusoidal
input until the third input failure is applied. The primary effect of the
failed inputs is a failure of the output to track the input for the 200
milliseconds required for failure detection and correction.

From the analysis of Figures 56 through 65, it appears that the eifect of load
conditions B and C ou the failure transients is not significant. The devia-
tions are greatest with load C. The greatest amplitude deviation is less than
3% of the maximum output stroke and occurs with load C.

DISTORTION (OUTPUT/IAPUT FIDELITY) TEST RESULTS

General

The waveform recordings in this data section are representative of the fidelity
characteristics of the test system under different operating conditions. This
type of test is useful in indicating whether the output of the system has
significant distortion components. In some applications, the frequency content
of the distortion can create problems in stablity and structural life by
exciting resonant modes of the mechanism driven by the actuator.

Output Fidelity vs Invut Level

Figures 66, 67 and 68 show the output/input characteristics of the test system
operating uitloaded at 1.5 I.z. The test system is configured normally with
channels I and 3 active, and 2 and 4 as models. These figures show the effect
of input level changes ou the output at the 1/2 bandpass frequency. Figure 66
displays the 0.5% and 1% input response. Note that at the 0.5% input level,
the output of the actuator shows no response. This is an indication of dynamic
threshold and is a level which is greater than the 0.28% measured earlier in
the testing (reference Table 3). However, the 0.5% input is lower than the
0.77% dynamic threshold measured under load condition B (reference Table 14).
Note that with the 1% input, the output is nominally sinusoidal at an
amplitude which is approximately 1% of the total stroke. At the 1% output,
there is both noticeable "flat topping" of the sinusoidal motion and amplitude
modulation of the waveform. The noise content of the output at 1% is quite
noticeable on Figure 66. On Figure 67 with 2% and 5% input data, the noise
content is much less noticeable. The 5% output shows less flat topping than
the 2% input data aud no apparent amplitude miotion. At a 10% input level, as
shown on Figure 68, the output closely resembles the input with no amplitude
modulation and flat topping. Note that the phase lag between the output and
input remains the same for all the input levels.

Output Fidelity vs Offset Bias - No Load - 10% Input

Figures 69 through 74 illustrate the effect of channel biaa differences
equivalent to 30% of the spool stroke on large amplitude (10% of the maximum
stroke) output motion. Figures 69, 71 and 73 represent date with 0 bias
applied. Figures 70, 72 and 74 represent data with a 30% bias applied. The
inpuit frequencies are the same for the figure pairs of 69 and 7V, 71 and 72, 73
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TE~ST ITFM -Buciing keCCVuidiurab1e Fail Operative
Fly-By-Wire Servoactuator

TEST Output Fidelity - As a Functioa of Input Level - Normial
Systent @ 1/2 Baudipass Frequency

Date Prepared 10/20/83

Free Air -10%

Inpu *1ncaut 0.050 v/div

NI4 7 ou 0.0093 v/div
I I Inut

7FI ~

out T_

X-1i~ i IiI;

hh

it

Figure 68. Output Fidelity at- 10%l Input
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TEST ITEM - Boeing Reconfigur-abIc Fail Operative
VIly-By-.Wire Servoac'.uaLor

TEST OutpuL Fidel~ity - As a Function of Channel Offset Bias - No
Load - 10% Input

Date Prepared 10/18/83
Gould Inc., Instrument Systems Division Clo've4 4-4 AI4_

474
Input Level: 10%

mI4 i i ': I m4 Input Freq.: 0.1 Hz

ft I A 1Load Cond. A
-I ~ ~ jBias Cond.: 0%

+--4 -h-i- --4 4 -f--+----f--4-4 -1 1 -4--4--4-

TTLE. 1 1r ~FInput -0.05 v/div

out 0.0093 in/div

1i- 'z& 7tz ou
:ji

*~T --- II : +----I4-4I-~-.-

:A 1 1.%4 T1 1:: 1nu 1.vl 0%

-4- -4- -4-+-+-f-f A---- -4- -40-- 4 ~ ~
~I7Ii.J[Yw I m

1 1. Input Lev0.05 v/d%

O~Ipt Frq : 0.029 iz/i

-4 -4 -- 1 1 4 4 ---.- : 4 -1 -4 --1 c l ý

Figre 9 utpt ~deity~ 01 z &0 2 H @ 0%Input 0%0 B/ias
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TLiST '[11•1 - Bocing Reconligurable Fail Operative
F-ly--By-Wire Servoactuator

T Kl sT - Output 1,idelity - As a lunct~iuji u1 CII;jmuze CiIsut Bias - No
Load - 10%17 Input

J. olic f~r!.tk -nU ADate Prepared 10/18/83

IjnputE H J, 7!~L

-:: .. Input Level: 10%
I paut Freq. : 0. 1Hz

r 'Load Coad. : A
4 I { Bias Goad. : 30%

F -f-1-4 ----- 4 -f- -1 -1 1 + -1- -F-t- V 4 :- T

I I ~ i''Input-0.05 v/div

x 0.09 n/i

-ou

~ 1 ~A

4.e

i 4 n in r--A 1' Ai i

I - :2 Input Level: 10%
I A input Freq.: 0.25 Hz

--- Load Cond. :A
Inpu Ii-~'H-: Bias Goad.: 30%

I- I I Ir, i -4
L'Ii± ... m.7

..I .... .... Input- 0.05 v/div
3UL I m 1 f I X -0093 in/div

LI~ 0.01~I

AA

1'23



TEST ITEM -Boeing Reconfigurable Fail. Operative
Fly-By-Wire Servoactuator

TI~1 -Output Fidelity -As a Function ot Channel Offset Bias - No
Load -10% Input

Date Prej..ared_10/18/83

7TFFJ:T F'7w -T7

i-_ . iInput Level: 10%
TI Jr I Input Freq.: 0.5 Hz

~J I ~. Load Cond. : A
1Input AI Bias Cond. : 0%

- -4--4--4 4t-4 1 1 +--A 4---1--1 SC-4 e

L7Input -00 /i
X7 - 0.009 in/div

Ouut

ACCUCHART Gould Inc

Input J1 7.

m: II Input Level; 10%

_4i I nput Freq.: 1. z
I Load Cond. A

* I- ~Bias Cond. 0%j -4 -- -4-4-- -I Scale:

TTI ~ 1 1i InIput -0.0j v/div

ixout~ -~Xu 0.0093 in/div

r177'
Figu.re 11. Owlput Fidelity 0 0.5 11z & 1 .0 1Iz @ 107 Input - 0% Bias
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TEST TIEM - Boeing Recoiifigurable Fail Oper iv-2
Fly-By-Wire Servoactuator

'VEST - Output Fidelity -As a Function 0, Channel Offset Bias - No
Load 1U% Inpur

Date Prepared 10118/83

H-~~~~~~~ --AHjtI.AT~7T~~

Input Level: 10%

inutInput Freq.: 0.5 Hz

inpu A1 Bias Cond. : 30%

1 ~- 4 I1+ Snpt-.0lvdi
T i7-1

4u x' 0.0093 in/div

_ ti/2I IJ ~ J 1 our-

t -

Gould Inc., Instrument Systems Division C-ievrýarm

L~t ~ ::~ 2ly. 1: TInput Level: 10%

i 7 AN Lad Cond. :A

Inu Biias Cond.: 30Z

L~~L~~J J PU-1e-70 i

1.7 7 - -4 - t-----+-4 --.

i - ----- --- Input -0.5 v/div

K HIIf I I'' 0.0093 in/div

I'igure 72 .Output F idelity 0 0. 5 11z~ 1 .0 11z Cd 10Z7 Input -0'17 Bias
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TEST ITEM - Boeing PReconfigurable Fail Operative
Fly-By-Wire Servoactuator

TEST -. Output Fidel.ity - As a Function of Channel Offset Bias - No
Load -10% Input

inji(J.in k-' .A-Date Prepared 10/18/83

In ut I........ ... i .I ......

ý7 Input Level: 10%

IL ~~~Input Fe. 0Hz~ihLoad Cond. A
~I Bas Cond. 0%

f~ Input -0.05 v/div

. _. .. .. . 0.0093 in/div

xout .KL-out

Input

I -~Input Level. 10% HyJ. ji ALoad Cond. : A
f jI IBias Cond.. 0%

-~± * ~ 1 4+ 4 4-H1 Sale:

I 
1ij7Z~i ~ I1 j Input -0.05 v/div

1 ~ ~ xI U14Xu .0093 in/div

Figure 73. Output Fidelity @ 2 11z & 3 lIz @ 10% Input -0% Bias
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TEST ITE1M - Boeing Reconfigurable Fail Operative
Fly-By-Wire Servoactuator

TEST - Output Fidelity -As a Function of Channel Offset Bias - No

Load 10% 1 1 putDate 
Prepared 10/18/83

ii 4. T ~ nput Level: 10%

I jInput Freq.: 2.0 Hz
T!i Load Cond. A

Bias Cond. 30%CA

.4. ... Input -0.05 v/div

I Xo 0. O0093 in/div

- tr-

ACCUCHART Got
I~ J -7

;; N - ~La od

r Inntputl 1 -Ba od 0%

L1 -4- .... M I

-TT 11~

ouut

I x -0.0093 in/~div

Figure 74. Output Fidelity @ 2 11z & 3 Hz @ 10% Input -30% Bias



and 74. The purpose of this data presentation format is to allow easy visual
comparison of "0" bias data with "30%" bias data at the same frequencies.

As shown on Figure 69. the output closely resembles the input (with the 1800
phase shift due to the polarity of the feedback transducer used to measure the
output motion). Note that at .1 Hz and .25 Hz, the output tracks the input with
negligibile phase shift (from a 1800 phase angle). There is some miuor
distortion of the output visible on the output at both frequencies. The effect
of the 30% bias as shown on Figure 70 is to increase the distortion of the
sinusoid slightly over that shown on Figure 69. The distortion increase is in
the form of a slope flattening of the motion just after the maximum amplitude
peak in the retract direction.

Figures 71 and 72 illustrate the effect input bias has on the output waveform
at 0.5 and 1.0 Hz. The output waveform £s shown on Figure 71 with 0 bias
closely resembles the input with no apparent distortion. However, the output
waveform with a 30% bias at the scme frequencies shows distinct "flat
topping". This is caused by the force fight between channels showing up
during the portion of the motion where the actuator is reversing direction.

Figures 73 and 74 illustrate the effect of input bias on the output waveform at
2.0 and 3.0 Hz. A comparison of these two figures shows no apparent difference
in the output waveform. The output shows the effect of slight rate saturation
at 3 Hz, indicating that the control valves are stroking full deflection.

From these test results, it appears that channel bias conditions have very
little effect on the output waveform at frequencLes above 1/2 the bandpass
frequency. There is a minor distortion increase with channel bias mismatch
for frequencies below the 1/2 bandpass frequency. This is consistent with
increasing input frequency requiring increase flow and spool deflection. At
low frequencies, the bias offset is a larger percentage of the spool motion and
has greater effect than at higher frequencies.

Output Fidelity vs Offset Bias - Symetrical Load B - 10% Input

Figures 75 through 78 illustrate the output waveform of the test system at 10%
inputs and frequencies of 0.1, 1.0 and 3 Hz. The load applied is the
symmetrical load B. The figures are grouped so the effect of bias at the same
frequencies can be easily made. The data displayed is limited to 3 frequencies
since the symmetrical load B test results are not significantly different than
unloaded test conditions (load A) for the 10% input level.

Comparing Figure 76 with 30% bias to Figure 75 with 0% bias shows that the bias
creates minor output distortion ir the form of flattening at or after the peak
amplitude excursion. The effect is apparent at both 0.1 and 1 Uz input
frequencies. The effect is only slightly more than that perviously observed
with load A (unloaded) at the same frequencies (reference Figures 69 through
72).

Figures 77 and 78 at 3 Hz show no difference in the output waveform for the two
bias conditions. The output exhibits a slight rate saturation for both
figures. This result is similar to that of the unloaded tests at the same
frequency anu input level.
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TEST ITEH - Boeing Reconfigurable Fail Operative
Fly-By-Wire Servoactuator

TEST - Output Fidelity - As a Function of Channel Offset Bias-

Sywetrical. Load - 10% Input

_____________I__ 
Date Prepared 10/19/83

ýmm - 1 TQ

Input L

Input Level: 10%
4 Input Freq.i 0.1 H~z

:11iT Load Cond.:B
Bias Cond. : 0%

I J, i .; 1 . - : -ý I J l . ! ..

I4- - --T Scale:

-'F- F0{05 nput

I 7X u-. 0.0093 in/div

out

'Lil

jInput '. iL4
h t Input Level. 10%

VI IInput Freq.: 1.0 Hz
-.4'1;; :7

I -]Load Cond. : B

__I I Bias Cond. :0%

7 1 4--4 -V -'r 4 ---
-~ IIIScale:

-ft IInput -0.05 v/div

x ott j I-0.0093 in/div

Figure 75. Output Fidelity 0 .1 Hz& I1 Hz @ 10% Input -Load B -0%. Bias
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TFST ITEM -Boeing Reconfi~,jrable F~ail. operative
Ily-5y-Wi r( Sc(rvo. iWtuaLor

T EfST Output Fid ility As a FI~ICLion of Chiannel Offset Bias-
Symetri.ca1. Load 10% Input

j 44A A A 1 1114 -. 44- 4+JW m L-A-Date Prepared_10/19/83

4I 4A

I IInput Level: 10%
__1 IInput Freq.: 0. 1 H1z

1 I~ li I Load Cond. :B

Inpt L Bias Cond. : 30%

------t-+-- t4- ---- -4 -I-4 ---1-4 4 +-4 -4-i

jXInut -0.0593i/div

xpt 0.059 vn/div

Iý LI I1

I R I.. r

Load Co.d :
Input nptFrq 10H

~ I -~ 42 Bias Cond.: 30%

II. -

ou 1Input -0.05 v/div

ia: I 0.0093 in/div

Figure 76. OLLtput. Fidelity @0.1 I Hz & I11Hz ,j10% Input -Load B -30% Bias
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TEST ITEM - Boeing Reconfigurablc Fail Operative
Fly-by-Wire Servoactuator

TEST - Output Fidelity - As a Function of Channel Offset Bias -

SyawtricaJ. Load - i0% Input

Date Prepared 10/19/83

I 11111 I I-i~Input Level: 10%

i~r- I Input Freq.: 3.0 Hz
;;.;:: .~ I- LZLIJLoad Cond. B

7I~ i.. .. *~ w{TT7 ~ Bias Cond. :0%

I ~Scale

4-e

LY Inpjq L I~ut -0.009 in/div

:Aý.........

Figure~ ~ 7 717. Ou1u 1ielt T 3 7z 1% InuT od %Ba

Im.



TEST ITEM -Boeing Reconfigurable Fail. Operative
Fly-By-Wire Servoactuator

TEST -Output Fidelity - As a Function of Chrnuel Offset Bias -

Syinetrical Load - 107. Input

Date Prepared 10/19/83

it Systems Division (lveliind Ohio Prin'ed in US A Input Level: 10%
7 Input Freq.: 3. 0 11z

T T ~Tf iiL Load Cond. :3

V ~ -t :4 Bias Cond. 30%

I ThPut -0.05 v/div

X ou 0.0093 in/div

-i J1A

-- out 1

I 4 :A JVi W

m ! I

V.. m KJU

Fig;ure 78. Output Fidelity (- 3 11z Ld Iu% Input -Load B -30% Bias
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Symmetrical load B does increase the distortion observed for the 10% input.
The distortion is greatest for frequencies below 1/2 bandpase frequency.

Output Fjidl vs Offset Bias - Asymietrical Load C - 10% Input

Compariag the actuator output waveform on Figures 79 and 80 for the input
frequeucies of 0.1 and 0.25 Hz, there is apparent minor waveform distortion at
the amplitude peaks at both frequencies. The effect of the 30% bias conditions
of Figure 80 is to increase the distortion compared to the 0% bias of Figure
79. The amplitude of the distortion is slightly greater than that for the
unloaded or load B test data.

Figures 81 through 84 illustrate the effect of load C on the output distortion
of the test system with 0% and 30% input bias conditions. Note that the 30%
bias is below the failure detection level used for evaluating the test system.

Figures 81 and 82 show the output motion at frequencies of 0.5 and I Hz. For
the 0% bias condition shown on Figure 81, the output at both frec'uencies shows
very little amplitude distortion. However, Figure 82 with the input bias
equivalent to 30% of the maximum spool stroke into one active channel, shows
noticeable distortion.

Figures 83 and 84 for input frequencies of 2 and 3 Hz show little distortion
for either bias conditior. As with the previous 10% input command data, the 3
Hz output shows some rate sp.turation. With this asymmetrical load condition,
the rate 3atu)-ation (as shown by straightening of the sinusoid into a

*Lrja"*ulr weavrot"'f l -w) CU~r* Primaicr4Ly in one direction Of =Otion. Thi-s ;-a
consistent with the bias force load associated with load condition C.

From Figures 79 through 84, it is apparent that load C has greater efliect on
the 10% output motion than load B or unloaded operation. The effect is greater
at frequencies beiow 112. bandpass (1.5 Hz).

Output Fidelity vs Offset Bias - SMnetrical Load A - 3% Input-

Figures 35 through 88 show the output characteristics as a function of channel
bias at two frequencies (0.25 lHz and 1 Hz) and a 3% input level and load B.
This input level is a medium amplitude input test signal for an actuation
system. (For example, the F-16 actuators specify a frequency response envelope
at 2% of ma-imum input.) Four input bias levels are used for these 3% input
levels: 0%, 10%, 20% and 30%. Note that the 30% bias is below the 35%
equivalent spool position mismatch where a channel failure is declared.

Comparing Figures 85 through 88 show that for load B and increasing offset
bias, there is significant output distortion for bias conditions of 10%, 20%
and 30%. The distortion increases with the increase in offset bias. The
distortion is primarily irregular slope changes which modify tne shape of the
sinusoid. The effect is most apparent at the peak amplitudes of the sinusoidal
output.

Output Fidelity vs Offset Bias - Asymmetrical Load C - 3 Input

Figures 89 through 92 show the output characteristics as a function of channel
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ThST ITEM - Boeing 1Rcconfigurab'e Fail Operative
Fly--By-Wire Servoact~uator

- Output Fidelity - As a' Futiction of Chantnel Offset dias -

Offset Load - U% Input

Date Prepared 10/19/83

Ii 1111i

-4- T'I ~ Input Levex: !0%

I I jInput Freq.: 0.1 Hz

~ -4Load Cond. C

~ jj ~...j.. ljBias Cond. 0%

f-- - 4 -i Scale:

....... l Input -0.05 v/div

-J OUij 1IX - Q.0C93 in/div

1 7 ;T i

ACCUCHART Gould Inc., !nst'ru

J- in n !A-
I I+

L Input Level: )04

_E - nput Freq.: 0.25 liz

I i 2K-~ *I. Load Cond. : C

Ii +{ tVI4 Bias Cond. : 0%

I v ; 4 .11Input -0.05 v/div

ROut

S711 1 1. I L -0.0093 in/div

Fi~gure 79. Output Fidelity @ 0.! Hz & 0.25 Hz CJ IOL/7 Input -Load C -0% Bias
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TIr.sT lTEili - Boeing lRcconfigurable Fail. Operative
-l~y-By-Wire Scrvoaccuator

TEST - Output Fidelity - AS a Function of Chiannel. Offset Bias -

Offset Load - 10% Input

*.I iACCUCHART, Gould Iiic., nstgur DatePrped1/98

Input Level: 10%
-i j Thput, Freq.: 0.1 Hz

Load Cond. :C

InputJ 
t~ Bias Cond. : 30%

4 --4- - --4 -4 r --4 4-t----- 4 t.A Scale:

Xo. Ii 1 I - Input -0.05 v/div

4~ 4 ' I.X -0.0093 in/divlii Iout

I~~~ I 2

L77.L Covd-

T . 1, m~tT

-m Input Frq.
~~~~~~di-l hh t t+IIptLvl 0

T I
- ' I I Iinput -0.05 v/div

I* ou 0.0093 in/div

Ip

Fi4yure 80. Ou~tput Fidelirty 0 U. 1 Hz & 0.25 11z @ 10% input -Load C -30'. Bias
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TEST ITEM - Boeing Reconfigurable Fail Operative
Fly-By-Wire Servoactuator

TEST - Output Fidelity - As a Function of Channel Offset Bias -
bf)iset Load - 10% input

Date Prepared 10/19/83
•7 j - -" -t --"- 1 - -- - 4• -'j -: ". - .I. . -7 . : r •

'-4 4~- A

-- I~-fT~,Input Level; 10%'.. A : . .'i " I < 4 > r,-. Input Freq,.: 0.5

Ini Ii ''j Load Cor.d. C

In p u t -1 : -- - .- " :.' -l -- - " . :Bias Cond . : 0%

--- i -4H------ -i-• ---- r--4 -1 -4 -4-

S -.-

outm Input
1u i /-0.05 v/div

F A ..1 . - 0.0093 in/div

I ., ; -; : I : i .I . - :] A . ;: i .J . .JI , l i I n p t L v l 0

.-- • put • --::• + • +--4-,--"-• -- Input Fre-q.: ---. 0 -- z

S: i: !/:"I , B.ds:ond.: .
-4... .. .-. .- -. --- t7= •-- . . . I - - 1- " -- - . .

. . . . I .

t- '1,I:I i ... .. I ; : j I 0.05 L v /div10

Inppt-'-• =' --= : -'-• . . .. ..... '--+ = -= ... ... -"--- • . .

' Input F0req.: !i0 Hz.. .. J • i .: ._. .i •iL i - _-..AIL_:.. J_. '.L oad . Co nd . : C

S.. ... _2 :: •• .- .... . . :' : .... t ': Bias Cond. : 0%

". I . : ": o u t

..• t ,-i - +-----. K p. - ]--I-.. -) • : H -'

Figure 81. Ou.pu_ Fideiiy 0 .5 11z& I l.z LJ- . .. Input -Load C 0%. .dias
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FE'ST ITEM 
Bofleing Reconfi.gurablc 

Fail Operative
fly-By-Wire Servoactuator

TEST -Output Fidelity - As a Function of Channel Oifset Bias -

Offs t L ad 1 % I putDate 
Prepared 10/19/83

'-4~~~ Ii 0-4- i;:j o

.JL..~..J;.t .:T- Input Level: 10% Z

FT 7j fBias1 Cond. :30%

i 4-- 4 f-- - 4 1 - 4-4 - t-1 - 4 4t 1 I S

11.4 .; Inu -7 0.05 v/div

T Input

.-i 2Xo -0.0093 in/div
N -T

I! T
-A--

I ~ ~ -I I J . 1 1 -

%AC CU CHAR4T Gould Inc. Instr'ument Sytm

SIn1put Level: 101%

7 Input Freq.: 1.0 Hz

fLoad Cond. : C
Bias Cond. 30%

1 -4 -1 n ut 00

Xc1 ut {x -0.0093 in/dliv

Figure 82. Outpu . Fidelity @ 0.5 liz & I iiz IU%0 Input i oad C - 30% BiasI 137



TlEST ITE14 - Boeing; Recunfigurable Fail Operative
Ii y-IRy-Wire Sc rvonactnat or

TuSk' - Output' Fidli Ly - As a Fui~uction of Chanuiie Otiset Bias -

Offset Load -10% Input

Instrument Systems Division -Ipvola,ýd Ohio Pron DaePeaed 1/98

Inpu Freq:420 H

-ntll I Inu Lvl. 0

-- 4- Loa -4--t .-I

T7 r .'- tLL i

T ~ -j ~~1{ jInput -0.05 v/div

I I j 0~.t -0.0093 in/di~v

Vt; II

-V Inu Frq. 3i0 HzI

Inpnuttrq: . I'

j -L, Bia J- Scal0:

I i---t 1 -4 -- --4 -1 -4 -4 ---

*--:i-:-~~ -j I input -0.05 v/div

II i'- 0.0093 in/div

F*-ýure 83. Output 1-izielity @ 2 :iz & 3 IlL @ i(7 Input -Load C -0% Bias
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TEST ITEM - Boeing Reconfigurable Fail Operative
Fly-By-Wire Servoacctiator

ThST - Output Fidelity - As a Functioa of Channel Offset Bias -

Offset Load -10% Input

Date Prepared__10/19/83

Inputi LJ ~ 1
i1 Input Level: 10%

I ~ 1Input Freqj., 2.0 Hz
I ~ Load Cond. C

I 1 V1
IBias Cond. 30%

I-4 +- -1-- 4 4 1i --- 1- f-*-4 +-~--s--+--i- Scale:

_- t7'1 input -0.05 v/div
I.

IlL 0~ -0.0093 in/div

ou- T -+

cidOhio Printed in U SA

1 f i Input Level; 10%

S Input Freq.: 3.0 Hz

I..TTTL.:Bias Cond. :30%

~ ~ ~Seale:

Xou 1 .i. IInput -0.05 v/div
I-~~ HI t~i -0.0093 itn/d iv

V7

Figure 84. Output Fidelity &2 liz & 3 11z @ 10% Tnput -Load C -30% Bias
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TEST ITEM -- BoeinZg Reconfigurable Fail Operative
Fly-By-Wire Servoactuator

TE~ST -Output Fidelity -As a Function of Channel Offset Bias -

Synietrical Load -3Z Input

CCCATGould Inc., Instrument Ssems Divi Dt rprd1/98

Input Level: 3%
IInput Freq.:0.5H

Load Cond. :B

L ~ LBias Cond. :0%

- I ý7 Scale:

ou Input -0.02 v/div

x 0.0037 in/diLv

V/ 1 ;

Input I

7-A711 7I I

-ý4 -4 Load Cond. : B~ -~ ~ Bias Cond. : 0%

1 -4 -4--4--4 --- j ---- 4h ---+ j H S ale

out~ 7-- l-nput -0.02 v/div

Figure Sj). Output Fidelity 0 0.25 11z & I 1{z 3% Input -Load B -0% Bias
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TLEST ITEM - Boeing Reconfigurable Fail Operative
Fly-By-Wire Sorvoactuator

TEST - Output Fidelity - As a Function of Channel Offset Bias

Sytnetrical. Load - 3% Input

4- Mi 1 ni Date Prepared 10/19/83

dT JIInput . L Th217'J

Input Level: 3%
.~ ..~ .. ... .. input Freq.: 0.25 Hz

Load Cond. :B
T. ..... Bias Cond. 10%

-7 Input -0.02 v/div

I -0.0037 in/div

OuutFe. 10H

HART~~~H ' Gooad Cond. tSsem ivso

t-{~+If ~-.-ta, Bias Cond. :10%
-j- -~ + F ±4 -- 1- - Scale:

7T. Input -0.02 v/div
Il-I~i tfr I 2l Xou -0.0037 in/div

1 ~:1

Figure 86. Output Fidelity @ 0.25 i1z & I Hz @ 37 Input -Load B -10% BiasP
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TEST ITEM -Boeing Reconfigurable Fail Operative
I-ly-By-Wirc Servoactuator

I 1"S' T Outpur. iFidelilLy - As a Funetioln of Channel Offset Bias -

:iyinetrical 1,oad - 3% input

Date Prepaxed 10/19/83

I Input Level.: 3%
.1 Iwj Input Freq.: 0.25 Hiz

r 7 Load Cond. B

Input I .'.~ Bias Cond. :20%

Sj Ti -Iinput -0.02 v/div

iT L x 0.0037 in/div

Pirmted in US A

7T. I T' .7 .~T ....._--

I I ... u ITq. 1. I' z:

1:. imLoad Cond. :B

[IL IBias Cond. :20%

K I~ i K1~1I7 Input -0.02 v/div

O:mt ±-0.0037 in/div

~-71

Figure 87. OutputL l id c Iity (a 0.25 11z & I Liz @ 3% Input -Load B -20% Bias
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TEST ITEM B loeing Reconfigurable Fail Operative
Fly-by-Wire Servoactuator

TEST - utpu4L Fidelity - As a Function of Channel Offset Bias -.

Symetrical Load - 3% Input

Nio Printed in U S A L'ate Prepared 10/ 19/83

I 1 7 -I F 771H F'l7:
1-Y put ... ..::~

h I ý. nutLvel: 3%
+ti .ti 'Input Freq.: 0.25 Hz

Load Cond. B

mom~. Bias Cond. 30%

17j , I71' imJ7 o.-0.07i/i

Inpu
out t.-

onutLve: 3

I Im N- Inpu~t Freq.: !.0 11z
Lo)ad Cond. : 5
Bias Cond. :30%

Lj~I ' l jli Input - 0O2 v/div

~Ut4j~ I iiJ ~ j IJ 0.0037 in/div

4I I J

M..

I:Figure 8.Output Fidelity @ 0.25 Hz. I1 flz' 3/. Input -Load B -30% Bias
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TE.ST ITEM -Boeing Rcconfigurablc Fail Operative
Fly-By-Wire Servoactuator

-Output F.idelity - As a Function of Channel Offset Bias - Offset
Load -3% Input

ACCUCIIART Gould Inc. Instrument Systbemn Dt rprd1/88
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TEST ITEM - Boeing Reconfigurable Fail Operative
Fly-By-Wiýre Servoactuator

TEST - Output Fidelity -As a Function of Channel Offset Bias - Offset
Load -3% Input

I i ~Date Prepared 10/18/83_
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TEST ITEM Boeing Reconfigurablc Fail Operative
Fly-By-Wire Servoactuator

TEST Output Fidelity -As a Function of Channel Offset Bias - Offset
Load -3% Input

Date Prepared 10/18/83
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'171
Figure 91. Output Fidelity @ 0 25Hz & I Hz @ 3/. liiput -Load C -20% Bias
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TEST ITEM - Boeing, Reconiiip~urable Fail Ope.rat~ive
Fly-By-Wire Servoact uator

TEST - Output Fideli~ty - As a Function of Channel Offset Bias -Offset

Load - 3% Input

ACCUCHART Glould Inc., Instrument S Dt rprd1/88

4 -H

2 :1Input Freq.: 0.25 Hz
Load Cond. :C

-"Bias Cond. 30%
input F

-± 4 +-++ ~+-~ ~--~ ~Scale:
4 -4- 1 -4 - 4 --I-1 4 - - -

- -- t-4 i LiVI -jjjInput -0.02 v/div
1.z~~IIx Git - - .0037 in/div
IJ I-j Iout

rx
C-ut

~0 L4 2 2244AH
-, ± 2 1 A.Jý-i Li ii, U I i 1

'~ti I - __

I IInput Level: 3%1

. .. .. Input Freq.: 1.0 Hz
LL q, 1-i Load Cond. C

.17.....Bias Cond. :30%

44-1-_
Input,

*I,1 ... :il I4_
ifi J. Scale:

I -4 -A-4-4--4-+-q--4---1-I -4 i- -4 -f---- t

~~~~~ 291;{ 1 ii Input -0.02 v/div
I I~:rd 0.0037 in/div

tb

Figure 92. Outpitt Fidelity @0.25 11Z & 1 H-z 37 InpuL -Load C -30% Bias
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bias at frequencies of 0.25 Hz. and I Hz at a 3% input level and load C. This
load provides & significant bias load on che output of the test actuator.

Comparing Figures 89 through 92 shows that there is significant ou.put
distortion for all bias conditions at both 0.25 and I Hz. The distortion
increases with increasing bias offset. The distortion at 0.25 Rz is in the
form of a ragged modulation of the basic sinusoidal, output. The amplitude of
the modulation increases with bias to a value of about 12% of sinusoidal
amplitude at 30% offset bias. With 0% bias, the distortion occurs at the peaks
of the sinusoid. With the 30% bias, the distortion occurs over the entire
sinusoidal motion.

The distortion for the !. Hz output on Figures 89 through 92 is different from
that observed at 0.25 Hz. The distortion is in the form of irregular slope
changes of the sinusoidal output. The amplitude of the distortion increases
with increasing offset bias.

Wi h the 3% input level, the effect of load and bias conditions on the output
distortion is more significant than that observed with the 10% input distortion
testing. The distortion is least with the lowest offset bias. Load C increases
the distortion compared to load B and changes the characteristic of the
distortion from a slope charge to a higaer frequency modulation of the
sinusoidal output at 0.25 Rz.

Ou.ýput Fidelity vs Offset Bias - Symetrical Load A - 1% Input

Fi 0--r--- 93 throug-h 11ý shu th ef Of amaf he An tha mutpnut
of the test system. Load B is used for these figures. No unloaded Cest
results are shown. The test results for load B and unloaded are essentially
identical. This could be expected since at the 1% amplitude of output motion,
the maximum load applied to the test actuator at peak stroke is 169 lbs
(compared to the 18,600 lbs stall output force available fz.om the test
actuator). The 1% command level is a small amplitude input signal. This
amplitude is consistent with a test input amplitude for fly-by-wire actuators.
(The F-16 fly-by-wire actuators are tested and qualified for frequency response
at an input amplitude signal of 2% of maximum command). Because of the light
loading, these figures (93 through 104) are primarily an evaluation of the
effect of bias conditions between active cl~annels on the output of the test
Jystem, Figures 93 through 95 show the system output at 1% command for 0% bias
offset. Figures 96 through 98 shown the system output at 1% command for 10%
bias offset. Figures 99 through 101 show the system output at 1% command for
20% offset. Figures 1032 through 104 show the system output at 1% command for
30% bias offset. The 30% bias offset is just below the 352 spool position
difference used for the failure detection threshold for test system failure
logic.

Figures 93 through 95 wi~h 0 iaput offset bias show the same distortion on the
output at all test frequencies used. The distortion amplitude appears constant
from 0.1 Hz to 2 Hz and at a constant frequency. Because of the input
frequency change, the effect of the distortion components appears as ragged
modulation of the 0.1 Hz output waveform (reference Figure 9?) and a irregular
slope change cf che I Hz output waveform. The distortion amplitude appears
nominally 11% of the output amplitude (or 0.11% of the maximum stroke). Figures

148

.. . ~ . ? . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .



TEST iTEM - Bocinb Rec~onfigurablo Fail Operative
Fly-by-Wirc Servoactuator

TET- Output Fidel~iLy -As a Function oi Channel 0Oi1set M~as -

Syrnetrical Load *-1% Input
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TEST ITEM - 1oeing Reconfigurable Fail Operative
Fly-By-Wire Servoa-tuator

TEST -. Output Fidelity - As 3 FunCtiuol 0, Chatannl Offs'Ž,t Bias -

Syiictrical Load - IZ Input

ACCUCHART Gould Inc., Instrument Systems c1Date Prepared 10/19/83
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I jT-4 Input Level: 1%r ~ IInput Freq.: 0.5 Hz
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F igure 94. Output Fi delity @ 0 117 & I liz (q 1? Input -Load B -0% Bias
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Ti-.:i ITE~M DoB'ing Reconfig'Urable Fail OperaLive
Fly-By-Wire Servoactuator

TIET Output Fidelity -As a Function of Channel Offset Bias-

Sywetrical Load -1% Input

Date rrepared 10/!9/8^)
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Figure 93. Output Fidelity @ 2 liz & 3 ltz @d 1% Input -Load B -0% Bias
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TEST ITEM - Boeing Reconfigurable Fail Operative
Fly-By-Wire Servoactuator

TEST - Output Fidelity - As a Function of Channel Offset Bits -

___ ___ __ ___ __ ___ __ ___ __ ___ __ Load -_1_Inpu

ACCUC DatePrepared 10/19/83
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Figure 96. Output Cidellity C0. 1 Hz 25 Hz @ i% input -
T.oad B -10ý. Bias
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TEST ITEM -Boeing IReconfigurable Fail Operative
ily-By-Wirc Scrvoact'zwtor

TEST -Output Fidelity - As a F'unc~ion of Channel Ofiset Bias -

Symetrical Load - 1% Input

Date Prepared 10/19!83
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Figure 97. Output Fidelity (d 0.5 11z & I Hz @ 1% Input -Load B -10% Bias
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TEST ITEM - Boeing Reconfigurable Fail Operative
Fly-By-Wire Servoactuato7

TEST - output Fidelity - As a Functi~hi oý Channel Offset Bias-

A Synetrical Load - 1% Input

Arin.rk . i i i ! Date Prepared 10/19/83
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TEST ITEM - Boeing Reconfigurable Fail Operative
F-Ly-By--Wire Servoactuator

TEST - Output Fidelity - As a Function of Channel Of fso't Bias -

Symetrical Load - 1% Input

1 iH ~ flA~.4.~-~-4Date Prepared_10/19/83
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Figure 99. Output Fidelity @0.1 Hiz & 0.25 H~z @ 1% Input -Load B -20% D~ias
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I'EST ITEM4 - Boeing Reconfigurable Fail Operative
Fly-By--Wire Servoactuator

TEST - Output Fidelity - As a Function of Channel Offset Bias -

Syrnetrical Load - 1% Input

ACCUCHART Djate Prepared 10/19/83
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Figure IUU. Output. Fidelity @0.5Hz & I liz Cd 1% Input -Load B -20% Bias
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TEST ITEM - Boeing Reconfigurable Fail Operative
Fly-By-Wire Servoactuator

"rlhST - OutpuL Fidelity - As a Function of Channel Offset Bias -
Symetrical Load - 1% Input

Date Prepared 10/19/83
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Figure 101. Outpat P tdclitty (a 2 11z & 3 liz v1 1% Input Load B -2(J% Bias <,

157

. .. . :-- :. . :-; :; :•; .•..- .: -;.



ti~* 1lM -Bociiigý Reconfigurable Fail Operative
F'ly-By-Wire Servoactuator

TEST -Output Fidelity - As a Function of Channel Offset Bias-
Symetrical Load -1% InpuL

ACCUCHART Gould.Inc., Instrument r
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TEST ITEiM - Boeinug Recontigurable Fail Operative
Fly-By-Wire ServaucLuator

TEST - Output Fidelity - As a Function of Channel Offset Bias -

Symetrical Load - 1% Input
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Figure 103. Output Iidelity0 @.5Hz & I Hz C 1% Input - Load B - 30% Bias
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TEST ITEM - Boeing Reconfigurable Fail Operative
Fly-3v-Wire Servoactuator
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Figure 104. Output F'idelity @d 2 11z & 3 11z Cd JZ Input -Load B -30% Bias
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93 through 95 are representative of the output fidelity of the system with no

load and with the active channels sychnronized together. Note that at 3 Hz,

there is very little distortion and the output closely resembles the input

sinusoidal wave.'orm.

Figures 96 through 98 with an input offset bias of 10% show output distortion

similar or less than that with 0% bias offset. The distortion at frequencies
from 0.1 Hz to 1 Hz appears less with a 10% bias offset than with 0 2 bias

offset. The distortion at 2 and 3 Hz appears slightly worse with the 10% bias
offset. However, it appearL that a bias offset of 10% does not greatly increase

the output distortion at the 1% output level.

Figures 99 through 101 show the effect of an input offset bias of 20%. The

effect (as compared to the output with 0% bias offset) of the 20% bias offset
iG quite noticeable. The output at all frequencies shows "flat topping". At 2

and 3 Hz frequencies, the amplitude of the output is noticeable attenuated
compared to the 0% offset bias output (reference Figure 95).

Figures 102 through 104 show a severely distorted output at all frequencies
from 0.1 Hz to 3 Hz. The effect of the 30% bias offset is greatest at the

higher frequencies with the output motion at 3 Hz almost disappearing.

From the observed effects of the offset bias on the system output for the

lightly loaded conditions shown on Figures 93 through 104, it appears that bias
offsets greater than 10% have a significant negative effect on the output of
the system at small sign, 1 input levels.

Output Fdelity vs Offset Bias - Asymmetrical Load C - 1% Input

Figures 105 through 116 show the effect of input offset bias on the ou.put of

the system with load C applied and the input level at 1% of the maximum
commanded input. As opposed to load B at 1% output deflection which provides
little load on the actuator output, load C provides a significant offset load
(4,675 lbs) towards midstroke position of the test actuator. These figures
illustrate the ability of the test system to respond to a dynamic input signal

over the design bandpass o; the system.

Figures 105 through 107 show the output waveform at 0% bias offset. Figure 105

and J)6 show noticeable distortion of the output at frequenciea of 0.1 Hz, 0.25
liz, 0.5 Hz and 1 Hz. The di3tortion amplitude is nominally 13% of the output

amplitude and is greater than that observed with load B at the same offset bxas
(reference Figures 93 and 94). At 2 Hz and 3 Hz as shown on Figure 107, the
amount of distortion is reduced and the output appears only slightly distorted.

Figures 108 through 110 show the output waveform at 10% bias oftset. As
oý)posed to load B 10% bias offset results which showed little effect with a 10%
o~fset bias, the output waveform with load C and a 10% bias offset degrades
noticeably (compared to the 0% offset bias). The degradation is primarily a
distortion of the sinusoid without a degradation of the output amplitude.

Figures Ill through 113 show Lhe out|put waveform at 20% bias o fset. The
amplitude of the distortion components is nominally 20% of the output
amplitude, and increases from that observed with lower input biases. The 0.1 Hz
through I Hz input frequencies show a similar "ragged" modulation of the output
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TEST ITEM - B3oeing Reconfigurable Fail OperativeI

Fly-By-Wire Servoactuator
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TEST ITEM - Boeing iRcconf igur able Fail Operativec
Fly-By -Wi~re Servoactuator

TEST - Output Fidelity As a Function of Channel. Offset Bias -- Offset
Load -1% Input
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TE'ST ITEM1 - E i Recouf i)urable Fail Operative
Fly-By-Wirc Servoactuatur

TEST - Output Fidelity -As a Function of Channecl Offset Bias, - Offset.
Load - 1 Input
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fundamental frequency sinusoid. However, at 2 Rz and 3 Hz as shown on Figure
113, the distottin. .s primarly a low frequency modulation of the output at a
low amplitude.

Figures 114 through 116 show the output waveform at a 30% bias offset. The
distortion of the output is 3imilar to that with a 20% bias offset with the
amplitude of the distortion increased. However, while with load B the output
for the 30% bias offset was severely attenuated, output amplitude with load C
and the same bias remains relatively constant for all the input freqencies.

From the preceding Figures 105 through 116, it appears that the bias load of
load C reduces the adverse effects of bias offsets in the control channels.
However, the output fidelity is best with 0% offset bias (where the channels
are tracking together).
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SECTIOE VI. CM3SIDE-RJTIS AND AIONDLISS

D•NAMIC F&1LUUR DETECTION CHARACTERISTICS AND ANALYBIS

Figure 117 shows the failure detection characteristics of the Boeing
Wacroprocessor controlled actuator for sinusoidal failure inputs. The three
curves presented on Figure 117 correspond to the number of samples allowed with
an error above the failure detection threshold before a failure is declared.
The figure shows that the detection level is frequency dependent. For example,
with the 12 iteration setting the failure logic detection level is maintained
at the * . ic failure detection only out to 1.5 Hz. Above this frequency, the
amplitude required for an input failure declaration rises to more than 10 times
the low frequency level. For the 6 iteration curve the failure detection
amplitude remains relatively constant from 0 to 3.5 HRz. The 3 iteration
failure detection curve maintains a constant amplitude up to a 10 Hz frequency.

The inability of the detection logic to maintain a uniform detection level is a
direct result ot the time interval before a failure is allowed to be declared.
This ia quite apparent for the 12 iteration cape wintre the sample time during
which a failure must be above the failure detecticn "t-ashold is 0.192 second
(corresponding to a 60 H--. sampling frequency). At an ihiput frequency of 3 lRz,
the input signal amplitude passes through zero every 0.165 second. This is
always true at this frequency indepeudent of amplitude. The 0.165 second is
less than the 0.192 second required for a failure declaration. A :or'responding
point of failure detection failure occurs on the 6 iteration curve a: 5 Hz. At
5 Hz the sinusoidal input passes through zero every 1).l second. This is very
close to the 0.096 second failure declaration time delay. At this input
frequency, the amplitude of input signal for a failure declaration rises to
more than 6 times the low frequency detection level. This same problem at. 10
Hz can be predicted for the 3 iteration failure declaration tire delay of 0.048
second. A 10 Hz sinuscidal signal pasaeo through a zero amplitude every 0.05
second.

Although failure detection methods must tolerate input transients without
nuisance failure declaration, the sample time delay threshold mechanization has
the demonstrated weakness. For any selected time delay, there is a sinusoidal
input frequency above which failure detection is not well maintained. A better
approach to failure detection would be a method which looks at both the
amplitude and duration (input time history) of the failure input. An actuator
(or an aircraft) integrates a failure transient with the integration rate
dependent on the amplitude of the transient. The output amplitude deviation is
dependent on the input transient duration. A detection acheme that looks at
the product of amplitude and duration and time (really a measurement of the
area under the failure amplitude time history curve) would be a realistic
failure detection method.
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A P•!OBLUK WITH SAIlLIOG AND RKU.ING FAILED CHARNELS

The tef t system's failure detection mechanization uses a combination of
amplitude threshold and persistence criteria for declaring the failure of a
faulty chaanel (and initiating reconfiguratica). The criteria require the
failure detection amplitude to ue ew:ceeded a specified uumber of consecudive
samples before a failure is declared. In a similar manner, once a channel has
been declared to be failed, it will continue to be sampled and will be declared
good again if no failure ic detected for a given number of consecutive samples.
More samples are normally specified to remove the failure declaration than to

. make it.

There is a prob'em with the approach of sampling failed channels and reusing
them if they appear good. The failure logic, with a particular sequence of
input or channel failures, can be "fooleLd" into not correctly detecting input
failures. Such a sequence of failures, as illustrated on Figure 118, is not
improbable in the normal operation of a flight control system. The nequence
which foolp the system is one in which a slowly changing input signal (varying
from + to - voltage and bacl.) is sequentially applied to the 4 inputs. Upon
exceeding t'e failtre threshold for the -.,lected time (iterations), the cha-anel
with the failure input is declared failed. For a slowly varying failure input
signai (for example a s,ow drift), the channel with the failure input can
subsequently agree with the other channel inputs long enough for the channel to
be declared "good" and used again in the voting logic. If another subsequent
input failure which is similar to the first occurs with a second channel during
Lhe time where the previously failed (and uncorrected) chauu-e appearo good,
there are now two channels with the same i -ilure input and two channels with
the correct input. The failure logic does no:. have the capability to correctly
identify the failures and vote them out. The attempt to extend the failure
tolerance Lapability of the system by monitoring failed channels for potential
reuse has provided the failure logic with the same problem it would encounter
with cimultaneous "like" failures. The difference is that the simultaneous
"like" failures require that the two failitres occur within a very short time
"(te timc for the specified failure vote iterations) while the slowly varying
input failures can have an indefinitely long time (as long as the first failed
input stays within failure difference amplitude window) in which they can occur
and fool the system. Figure 118 illustrates the problem.

As shown in Figure 118, the same slowly varying ramp input is applied
sequentially to channel 1, 2, 3 and 4 inputs. This is the same input failure
test condition used in the unloaded failure transients measurements (reference
Figure 24). However, for Figure 24, the failure status removal iterations were
adjusted to the maximum value available (300) to prevent fooling the failure
logic for the particular input ramp rate used for the test. Figure 118 shows
the results of using the system's normal 9 iteration (or sample) criteria for
the failure status change.

The ramp failure is first applied to channel 1. Note that the input voltage
ramp slope is 0.625 volt/second. The input difference for the failuie
detection level equivalent to 35% the spool stroke is 0.266 volt. At the ramp
slope used, it takes 0.425 second to change 0.266 volt. However, the time
required to vote a failed channel good (with 9 iterations at 0.025
second/iteration) is 0.225 second. As the ramp passes through the 0 input
level, the failure input amplitude is less than the failure detection threshold
for 0.425 second, and is voted good after 0.225 second. A second similar
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failure input to channel two is applied before the channel 1 input moves
through the detection amplitude threshold (including the time for 3 iterations
to be declared failed) and channel I and 2 both have the same inputs. After
this second input failure, both sections of the actuator remain active, one
section with a ramp input and one section with a nul! input. At this point,
the actuator halves fight each other And there is little movement in reponse to
the ramp. Note that in this condition, a normal input into channels 3 and 4
would not create a correct output motion of the test actuator because of the
force fight. Upon a third failure into channel 3, the test system output
tracks the failure inputs, rather than the correct null input.

The situation can be helped for a specific set of irput signals by adjusting
the number of iterations necessary for declaring a failed channel good.
Howeer, for any iteration number picked, another set of input signal failures
can be selected which will still fool the failure logic. It is therefore
recommended that the technique of reusing previously failed channels be
deleted from the system.

PISTUR SEUL DESIGN COSIDERATI(OS FOR THE TEST SYSTEM

* During the initial unloaded testing of the test system, it was determined that
the actuator used with the test system had defective piston seals. Disassembly
of the actuator revealed that both halves of the actuator had pistons with seal
retaining grooves whose walls had failed mechanically. The actuator rod and
pistons were replaced prior to generation of the data presented in this
document. Figures 119 through 122 show the failed actuator pistons af ter
disassembly. Figure 119 shows the actuator rod assembly with both pistons. The
actuator •r md i marde in two sections which is screwed together after insertion
in th actuator body. As shown in this figure, the failure of one piston seal
is quite apparent. Figures 120 and i21 are close up views of the failed piston
seal, showing the mechanical failure of the metal wall retaining the Teflon
seal rings. Although it is not as readily apparent, the second piston also had

* a similar mechanical failure. The crack at the bottom of the groove was
sufficient to allow leakage, but had not resulted in a physical distortion of
the retaining wall. This piston seal is shown in Figure 122. Note the
smearing of the Teflon split ring seal across the face of the piston.

The actuator used with the test system had been designed and qualified for
operation with a tandem flow control spool valve with the flow control edges
grouDd to match. For this type of control valve, the force fight between the
two sections is minimized and remains constant. The actuator pistons normallyhave small differental pressures most of the operating time.

With the test system, the flow control spools move independently. Since the
valves are manufactured as high pressure gain valves (developing full system
pressure at the output ports with small input currents into the valve), there
is a normal force fight between actuator sections. The actuator pistons
constantly being subjected to a differential pressure magnitude of full system
pressure. In addition to a constant level force fight between the actuator
sections due to the servovalve null conditions, the noise content of the
control inputs to the servovalves cause changes in the output pressures of the
servovalves. These pressure changes provide a constantly changing stress level
in the seal ring retaining walls. The combination of a large magnitude and a
constantly varying force fight creates both a seal life (as shown by the
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Figure 119. Actuator Rod & Piston Assembly with Body
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Figure 120. Failed Piston Seal I -Sjdu View
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smearing of the piston seal) and a fatigue stress problem for tie piston seal
design. The failure of the pistons on the test actuator provide a good
demonstration of the problem. Pressure feedback compensation can reduce the
level of force fight and provide an improvement in small signal distortion.
This will reduce the amount of bias offset between active channels but will not
correct for the noise content of the command channels causing constantly
vArying differential pressures across the actuator drive areas. The actuators
used with control systems like the test system should be designed for large
amplitude, constantly varying differential pressures across the drive pistons.
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